SOLAR POWERED MULTISTAGE DIRECT CONTACT MEMBRANE DISTILLATION SYSTEM by unknown
BY
SOLAR POWERED MULTISTAGE DIRECT CONTACT
MEMBRANE DISTILLATION SYSTEM
AHMED ABDALMONEM ABDALGHANY ABDALMONEM
A Thesis Presented to the
DEANSHIP OF GRADUATE STUDIES
KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA
In Partial Fulfillment of the
Requirements for the Degree of
KING FAHD UNIVERSITY OF PETROLEUM & MTNERALS
DHAHRAN- 31261, SAUDI ARABIA
DEANSHIP OF GRADUATE STUDIES
This thesis, written by AHMED ABDALMONEM ABDALGHANY ABDALMONEM
under the direction of his thesis advisor and approved by his thesis committee, has been
presented and accepted by the Dean of Graduate Studies, in partial fulfillment of the
requirements for the degree of MASTER OF SCIENCE IN MECHANICAL
ENGINEERING.
Dr. Atia E. Khalifa
(Advisor)
- ~A2
Dr. Mohammed A. Antal'
(Member)


































































I would like to thank King Fahd University of Petroleum and Minerals (KFUPM) for 
funding my research work under grant number IN141035, and providing me the 
environment to achieve this level of study. I would like to express my gratitude and sincere 
thanks to my thesis advisor Prof. Atia Khalifa. He is not only helpful with deep vision and 
understanding but also most importantly a kind person. I sincerely thank him for his 
exemplary guidance and encouragement. My profound and special thanks goes to my thesis 
committee members Prof. Mohammed Antar and Prof. Fahad Al-Sulaiman for their 
support, guidance and constructive advice which really help me to successfully complete 
my thesis. 
Many thanks to Mr. Mohammed Karam for his technical support throughout this work. My 
appreciation goes to Mr. Ali Kamal who assisted in machining the MD modules. My thanks 
also goes to Mr. Suhaib Alawad and Mr. Bassel Alaa for their support. 
My gratitude goes to people of Mechanical Engineering Department. I would equally like 
to thank all my friends and colleagues for their encouragement. 
Lastly, I would like to thank my family, who taught me the value of hard working by their 









TABLE OF CONTENTS 
 
ACKNOWLEDGMENTS ............................................................................................... v 
TABLE OF CONTENTS ................................................................................................ vi 
LIST OF TABLES ........................................................................................................... x 
LIST OF FIGURES ........................................................................................................ xi 
LIST OF ABBREVIATIONS ...................................................................................... xvii 
LIST OF NOMENCLATURES .................................................................................. xviii 
ABSTRACT ................................................................................................................... xx 
 xxii .................................................................................................................... ملخص الرسالة
CHAPTER 1 INTRODUCTION & LITERATURE REVIEW ....................................... 1 
1.1 INTRODUCTION ................................................................................................ 1 
1.1.1 Water Scarcity & Demand ............................................................................ 1 
1.1.2 Water Desalination Role ............................................................................... 4 
1.1.3 Water Desalination Technologies ................................................................. 5 
1.1.4 Membrane Distillation for Desalination ....................................................... 8 
1.2 LITURATURE REVIEW .................................................................................. 11 
1.2.1 Desalination using Direct Contact Membrane Distillation ......................... 12 
1.2.2 Multi-stage Membrane Distillation Systems for Water Desalination ......... 14 
1.2.3 Solar Powered Membrane Distillation Systems ......................................... 17 
vii 
 
1.3 THESIS OBJECTIVES ...................................................................................... 21 
1.4 RESEARCH METHADOLOGY ....................................................................... 22 
CHAPTER 2 EXPERIMENTAL SETUP & PROCEDURES ...................................... 24 
2.1 Introduction ........................................................................................................ 24 
2.2 Description of the laboratory setup .................................................................... 24 
2.3 Description of the solar multistage DCMD system ........................................... 26 
2.4 Module design .................................................................................................... 29 
2.5 Membrane characterization ................................................................................ 32 
2.6 Instrumentations and measuring devices ............................................................ 32 
2.7 Calibration of the coolant flow meter ................................................................ 34 
2.8 System operation ................................................................................................ 35 
2.9 System flow Arrangements ................................................................................ 36 
2.9.1 Parallel flow arrangement ........................................................................... 36 
2.9.2 Series flow arrangement ............................................................................. 37 
2.9.3 Mixed flow arrangement (Series feed – Parallel permeate) ........................ 38 
2.10 Experimental plan ........................................................................................... 39 
CHAPTER 3 PERFORMANCE OF THE LABORATRY MS-DCMD SYSTEM ...... 41 
3.1 Effect of feed temperature at different feed flow rates ...................................... 41 
3.2 Effect of feed temperature with changing the permeate flow rate ..................... 45 
3.3 Effect of feed flow rate with changing the permeate flow rate .......................... 48 
viii 
 
3.4 Effect of feed temperature at different permeate temperature ........................... 50 
3.5 Effect of flow arrangement ................................................................................ 53 
3.6 Effect of feed concentration ............................................................................... 56 
3.6.1 Permeate concentration ............................................................................... 57 
3.6.2 Salt rejection factor ..................................................................................... 58 
3.7 Power consumption ............................................................................................ 59 
3.7.1 Effect of temperature on the power consumption ....................................... 59 
3.7.2 Effect of flow rate on the power consumption ............................................ 62 
3.7.3 Temperature difference across feed and permeate cycles ........................... 64 
CHAPTER 4 SOLAR MULTISTAGE DCMD SYSTEM ............................................ 66 
4.1 Initial testing of the solar system ........................................................................ 66 
4.2 Energy analysis & modeling of the evacuated tube solar collector ................... 68 
4.2.1 Mathematical model of the single glass evacuated tube solar collector ..... 70 
4.2.2 Mathematical model for the double glass evacuated tube solar collector .. 73 
4.3 Performance of solar powered parallel flow MS-DCMD system ...................... 78 
4.4 Performance of solar powered series flow MS-DCMD system ......................... 81 
4.5 Comparison between parallel and series flow arrangements ............................. 85 
4.6 Effect of feed and permeate flow rates on the MS-DCMD solar system ........... 89 
4.7 Performance of the MS-DCMD solar system without cooling  ......................... 93 
CHAPTER 5 CONCLUSIONS ..................................................................................... 97 
ix 
 
REFERENCES ............................................................................................................ 100 
Appendix Ⅰ..... .............................................................................................................. 105 
Appendix Ⅱ…. ............................................................................................................. 108 




LIST OF TABLES 
 
Table 1.1: Total Future Water Requirements (MCM) ........................................................ 3 
Table 1.2: Comparison of desalination technologies  ......................................................... 6 
Table 2.1: Membrane properties ....................................................................................... 32 
Table 2.2: Calibration of the flow meter ........................................................................... 34 
Table 2.3: Experimental plan ............................................................................................ 40 
Table 4.1: The total productivity of the MS-DCMD solar system from 9 am to 6 pm at 

















LIST OF FIGURES 
Figure 1.1: Distribution of Earth’s Water ........................................................................... 2 
Figure 1.2: Water Stress by Country in 2013 ..................................................................... 3 
Figure 1.3: Desalination technologies classification based on the type of energy used ..... 5 
Figure 1.4: MD configurations ........................................................................................... 9 
Figure 1.5: Solar Desalination Technologies .................................................................... 11 
Figure 1.6: Scheme for using crossflow DCMD modules to obtain a countercurrent ...... 15 
Figure 1.7: Schematics of Multistage MD systems .......................................................... 16 
Figure 1.8: Mixed arrangement......................................................................................... 16 
Figure 1.9:Simplified diagram of the integrated solar-driven desalination system .......... 18 
Figure 1.10: Diagram of standard memsys testing system ............................................... 19 
Figure 1.11: Diagram of the experimental setup. The symbols P, EC, F, and T represent 
pumps, electrical conductivity probes, flow meters, and temperature 
sensors, respectively;  .................................................................................. 20 
Figure 2.1: The layout of the indoor laboratory system.................................................... 25 
Figure 2.2: The electric heater .......................................................................................... 25 
Figure 2.3: The electric chiller .......................................................................................... 25 
Figure 2.4: The actual experimental system ..................................................................... 26 
Figure 2.5: The evacuated tube solar collector ................................................................. 27 
Figure 2.6: The electric water pump ................................................................................. 27 
Figure 2.7: The layout of the multistage solar DCMD system ......................................... 28 
Figure 2.8: A detailed solidworks sketch for the module with its dimensions in mm ...... 29 
xii 
 
Figure 2.9: The detailed description of the module. ......................................................... 30 
Figure 2.10: Module parts used and the steps of the assembly process ............................ 31 
Figure 2.11: Conductivity meter ....................................................................................... 33 
Figure 2.12: Coolant flow meter ....................................................................................... 33 
Figure 2.13: DAQ modules ............................................................................................... 33 
Figure 2.14: Feed flow meter ............................................................................................ 33 
Figure 2.15: Power transducer .......................................................................................... 34 
Figure 2.16: The permeate volume level increase pipe .................................................... 36 
Figure 2.17: Parallel flow arrangement ............................................................................ 37 
Figure 2.18: Series flow arrangement ............................................................................... 38 
Figure 2.19: Mixed arrangement (Series feed- Parallel permeate) ................................... 39 
Figure 3.1: The effect of varying feed temperature and feed flow rate on the permeate 
flux for the parallel flow arrangement ........................................................... 43 
Figure 3.2: The effect of varying feed temperature and feed flow rate on the permeate 
flux for the series flow arrangement .............................................................. 45 
Figure 3.3: The effect of varying feed temperature and permeate flow rate on the 
permeate flux for the parallel flow arrangement ......................................... 46 
Figure 3.4: The effect of varying feed temperature and permeate flow rate on the 
permeate flux for the series flow arrangement ............................................ 47 
Figure 3.5: The effect of varying feed flow rate and permeate flow rate on the permeate 
flux for the parallel flow arrangement ......................................................... 49 
Figure 3.6: The effect of varying feed flow rate and permeate flow rate on the permeate 
flux for the series flow arrangement ............................................................ 50 
xiii 
 
Figure 3.7: The effect of varying feed temperature and permeate temperature on the 
permeate flux for the parallel flow arrangement ......................................... 51 
Figure 3.8: The effect of varying feed temperature and permeate temperature on the 
permeate flux for the series flow arrangement ............................................ 52 
Figure 3.9: The comparison between the three-flow arrangements at different feed 
temperatures ................................................................................................. 53 
Figure 3.10: Percentage increase in the output flux due to change from series to mixed 
and parallel flow arrangement at feed temperature 90oC ............................ 54 
Figure 3.11: The comparison between the three-flow arrangements at the different feed 
flow rates...................................................................................................... 55 
Figure 3.12: Percentage increase in the output flux due to change from series to mixed 
and parallel flow arrangement at feed flow rate 2.3 L/min ......................... 56 
Figure 3.13: Effect of feed salinity concentration on the permeate flux .......................... 57 
Figure 3.14: The effect of feed concentration on the permeate salts concentration ......... 58 
Figure 3.15: The effect of feed concentration on the salt rejection factor ........................ 59 
Figure 3.16: The power consumption of the electric heater for different flow 
arrangements at the same operating conditions ........................................... 61 
Figure 3.17: The power consumption of the electric chiller for different flow 
arrangements at the same operating conditions ........................................... 61 
Figure 3.18: The effect of feed flow rate on the electric heater power consumption ....... 62 
Figure 3.19: The effect of permeate flow rate on the chiller power consumption ............ 63 
Figure 3.20: The variation of temperature differences with feed temperature for parallel 
and series connections ................................................................................. 64 
xiv 
 
Figure 3.21: The variation of temperature differences with permeate temperature for 
parallel and series connections .................................................................... 65 
Figure 4.1: Ambient temperature variation with time ...................................................... 67 
Figure 4.2: Solar irradiance variation with time ............................................................... 67 
Figure 4.3: Experimental results for the water temperature variation in the solar tank .... 68 
Figure 4.4:The Evacuated Tube Solar Collector ............................................................... 69 
Figure 4.5: The detailed components of the ETSC tube ................................................... 70 
Figure 4.6: Energy Analysis for a cross-sectional cut in the single glass ETSC .............. 71 
Figure 4.7: The variation of water tank temperature in the single glass ETSC model ..... 73 
Figure 4.8: Energy analysis for a cross-sectional cut in the double glass ETSC .............. 74 
Figure 4.9: Water temperature variation in single and double glass models .................... 76 
Figure 4.10: The variation of the glass temperature in the double glass model with the 
experimental results ..................................................................................... 77 
Figure 4.11: The variation of the ETSC outer glass temperature and the ambient 
temperature along the experiment ................................................................ 78 
Figure 4.12: Solar radiation variation along the experiment ............................................ 79 
Figure 4.13: The water temperature variation in the solar tank with change in the chiller 
water temperature for the parallel MS-DCMD solar system ....................... 80 
Figure 4.14: The flux variation with time for parallel MS-DCMD solar system ............. 81 
Figure 4.15: The variation of the ETSC outer glass temperature and the ambient 
temperature along the experiment ................................................................ 82 
Figure 4.16:  Solar radiation variation along the experiment ........................................... 82 
xv 
 
Figure 4.17: The water temperature variation in the solar tank with change in the chiller 
water temperature ........................................................................................ 83 
Figure 4.18: The permeate flux variation with time for the solar powered MS-DCMD 
series connected system ............................................................................... 84 
Figure 4.19: Solar radiation variation with time ............................................................... 85 
Figure 4.20: The variation of water temperature inside the solar tank and the electric 
chiller (feed and permeate sides) with time for the series arrangement ...... 86 
Figure 4.21: Solar radiation variation with time ............................................................... 87 
Figure 4.22: The variation of water temperature inside the solar tank and the electric 
chiller (feed and permeate sides) with time for the parallel flow 
arrangement ................................................................................................. 88 
Figure 4.23: Flux variation at different feed flow rates with time for different flow 
arrangements ................................................................................................ 89 
Figure 4.24: Solar radiation variation with time for four different days .......................... 90 
Figure 4.25: feed water temperature variation with time for four different days ............. 91 
Figure 4.26: Permeate water temperature variation with time for four different days ..... 91 
Figure 4.27: Flux variation at different feed and permeate flow rates with time for the 
parallel flow arrangement ............................................................................ 92 
Figure 4.28: Solar radiation variation with time for the parallel flow arrangement ......... 93 
Figure 4.29: The variation of feed water temperature and permeate water temperature 
with time for the parallel flow arrangement ................................................ 94 
Figure 4.30: Permeate flux variation with time for the MS-DCMD system in the parallel 
flow arrangement without cooling ............................................................... 95 
xvi 
 
Figure 4.31: The permeate flux variation with time for two different days with and 




LIST OF ABBREVIATIONS 
 
MD                                     Membrane Distillation 
ETSC                                 Evacuated Tube Solar Collector 
DCMD                               Direct Contact Membrane Distillation 
MS-DCMD                        Multistage Direct Contact Membrane Distillation  
DCMA                               Direct Contact Module Arrangement 
AGMD                               Air Gap Membrane Distillation 
VMD                                  Vacuum Membrane Distillation 
SGMD                                Sweeping Gas Membrane Distillation 
TDS                                    Total Dissolved Solids [mg/L or ppm] 
GOR                                   Gain output ratio 
MSF                                    Multi-stage flash distillation system 
MED                                   Multi-effect distillation system 
MVC                                   Mechanical vapor compression system 
TVC                                    Thermal vapor compression system 
HDH                                    Humidification-dehumidification system 






LIST OF NOMENCLATURES 
 
V                                 wind speed [m/s] 
As-g                              surface area of glass [m
2] 
As-p                              surface area of copper pipe [m
2] 
G                                 solar radiation [W/m2] 
αg                                absorptivity of the glass [-] 
Cpg                              specific heat at constant pressure for the glass [j/kg.K] 
mg                               mass of the glass [kg] 
Cpw                              specific heat at constant pressure for the water [j/kg.K] 
Tg                                the temperature of the outer glass tube [K] 
t                                   time [sec] 
ε                                   the emissivity of the outer glass [-] 
σ                                  the Stefan –Boltzmann Constant (5.6697×10-8) [W/m2.K4] 
mw                               the mass of water in the tank [kg]
 
hg                                 Convective heat transfer coefficient [W/m
2K] 
Qtank                             Rate of heat transfer to the water inside the tank [j] 
Qconv,fluid                       heat transfer from the pipe to the fluid inside the pipe [j] 
qg-air                             losses from glass to air due to radiation and convection [j/kg K] 
Tinitial                           Initial temperature of water inside the tank [K] 
Tfinal                             Final temperature of water inside the tank [K] 
Qconv_g_air                     Convection heat transfer between the glass and the air [W] 
Qrad_g_sky                      Radiation heat transfer between the glass and the sky [W] 
xix 
 
Qabd_g                           The amount of heat absorbed by the glass [W] 
Qabd_p                           The amount of heat absorbed by the copper pipe [W] 
Qradp-g                          Radiation heat transfer between the pipe and the glass [W] 
Qconvp-g                         Convective heat transfer between the pipe and the glass [W] 
Qconv                             Convective heat between the pipe and the working fluid [W] 
qf                                               Feed flow rate [L/min]                      
qp                                              Permeate flow rate [L/min]           
Tf                                     Feed temperature [℃] 
 Tp                                    Permeate temperature [℃]  
θ                                          Temperature polarization 
ρ                                          Density [kg/m3] 
δ                                     Membrane thickness; film thickness [m] 






Full Name : Ahmed Abdalmonem Abdalghany Abdalmonem 
Thesis Title : Solar Powered Direct Contact Membrane Distillation System 
Major Field : Mechanical Engineering 
Date of Degree : May 2017 
 
One of the most promising thermal-membrane technologies for water desalination is 
Membrane Distillation (MD). It’s considered as a low energy consumption desalination 
technique with good productivity as it operates at low feed temperatures (40 to 90ᵒC) such 
that solar collection systems and industrial waste energy can be used directly to produce 
distillate. A micro-porous hydrophobic membrane is used to separate the vapor from the 
hot feed water driven by the vapor pressure difference across the membrane. 
In this study, the performance of a Multi-Stage Direct Contact Membrane Distillation 
System (MS-DCMD) is investigated using two different energy sources. A laboratory 
scaled MS-DCMD system powered by an electric heater used as a heating source supply 
to feed water and a solar powered MS-DCMD system with an evacuated tube solar 
collector (ETSC) used to heat the feed water. A mathematical model is developed and 
validated to predict the performance of the evacuated tube solar collector in the city of 
Dhahran, KSA. Three flow arrangements (parallel, series, and mixed) for feed and 
permeate streams in the MS-DCMD are experimentally studied under different operating 
conditions. 
The theoretical model results showed that the evacuated tube solar collector is a suitable 
heating source for MD systems. It can provide feed water for different MD systems at 90ᵒC 
during the summer months. Moreover, the experimental investigations of different flow 
arrangements for the laboratory scaled MS-DCMD system showed that the productivity of 
xxi 
 
the parallel flow arrangement is much higher than the mixed and series flow arrangements. 
Furthermore, the experimental study on the solar MS-DCMD system showed the difficulty 
of maintaining the feed and permeate temperatures at the required values due to the high 
conduction heat transfer between feed and permeate sides across the membrane; which is 
a design characteristic of the DCMD modules. A very high salt rejection factor (SRF) had 
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بالغشاء. هذه الطريقة تعتبر هي التحلية عن طريق التقطير  الحراريةريق المعالجة أحد أكثر الطرق الواعد لتحلية المياه عن ط
ويمكن الحصول على هذه الطاقة عن طريق  درجة مئوية 90وحتى  40كأحد الطرق الموفرة للطاقة لكونها تستطيع ان تعمل من 
الساخن عن طريق  ملحيالمحلول الن عفصل بخار الماء وتتم من خالل الطاقة الشمسية كمثال او عن طريق النفايات الصناعية. 
هذا الغشاء يسمح بمرور البخار من الجانب الساخن وال يسمح  .ساخن واالخر بارد أحدهما بين اثنين من السوائل فاصل غشاء
بمرور الماء ليتكثف مع الماء البارد في الجانب االخر. وتتم هذه المعالجة استنادا الى مبدأ اختالف ضغوط البخار على جانبي 
 .الغشاء
باستخدام  DCMD]-[MSمس المباشر غشاء متعدد المراحل ذو نوع التاللتقطير بالفي هذه الدراسة سيتم اختبار منظومة ا
ؤ بأداء مجمع الطاقة الشمسية . تم عمل نموذج رياضي للتنبالطاقة الشمسيةمجمع و مسخن الماء الكهربائيمصدرين للطاقة هما 
تعدد غشاء ملتقطير بالمنظومة اكمسخن للماء في أنظمة التقطير بالعشاء وتمت مقارنته بالتجارب العملية. وتم االختبار العملي ل
 تحت مختلف ظروف التشغيل. التوازي معا()على التوالي، على التوازي، وعلى التوالي والمراحل ذو نوع التالمس المباشر 
منظومات قادر على تسخين درجة حرارة الماء الى درجات الحرارة التي تحتاجها  ن مجمع الطاقة الشمسيةالنموذج الرياضي تنبأ بأ
منظومة درجة مئوية خالل شهور الصيف. اما التجارب العملية على  90التقطير بالغشاء فقد أوصل درجة حرارة الماء بداخله الى 
تحقق اعلى كمية لمعدل التدفق  لمنظومة على التوازيغشاء متعدد المراحل ذو نوع التالمس المباشر أثبتت أن توصيل التقطير بالا
للسخان الكهربائي كان كبيرا الطاقة  استهالك .مقارنة بتوصيالت التوالي والتوصيالت المشتركة )على التوازي وعلى التوالي معا(
التجارب بداية الدائرة ونهايتها. مقارنة باستهالك المبرد الكهربائي نظرا لفرق درجات الحرارة العالي في دائرة الماء الساخن بين 
العملية على منظومة التقطير عند توصيلها بمجمع الطاقة الشمسية أثبتت صعوبة المحافظة على درجات الحرارة ماء التغذية 
%.99.9معدل طرد الملوحة وصل ل وسائل التبريد في حدود الدرجات المطلوبة بسبب المعدل العالي النتقال الحرارة بينهما. 
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1 CHAPTER 1                                                   
INTRODUCTION & LITERATURE REVIEW 
1.1 INTRODUCTION 
1.1.1 Water Scarcity & Demand 
Water is the most important substance on earth. Due to the limitation of potable water 
resources and with the increase of the population in rural, remote areas such as Africa, 
Southeast Asia and Middle East, applying cost effective and energy efficient desalination 
technologies became a necessity to combat the water scarcity[1,2,3]. Water desalination 
processes have high importance for human beings as they help to secure the potable water 
needed for drinking and also for industrial, agricultural and domestic purposes[4,5,6]. 
Water covers about 71% of the earth’s surface where 2.5% of this percentage is fresh water 
while 96.5% is oceans and 0.9% is other saline water. Out of the 2.5% there is only 1.2% 
is surface water, which serves most of life’s needs[7]. The majority of this surface water is 
locked up in ice and about 20.9% is found in lakes and about 0.49%  in rivers which is 






Figure 1.1: Distribution of Earth’s Water [8] 
 
Kingdom of Saudi Arabia is the largest producer of desalinated water in the world. With 
the increase in its population and industrial growth, the water demands increase rapidly in 
the past few years. 
The World Resources Institute in 2013 [9] studied the water demand around the world, as 
shown in Figure 1.2, and stated that Saudi Arabia faces the danger of withdrawn of more 
than 80% of its annual renewable water resources that is usable for daily consumption, 




Figure 1.2: Water Stress by Country in 2013  [9] 
In 2006, Al-Saadi [10] predicted in his study an estimation for the water requirements for 
the Kingdom of Saudi Arabia in the next twenty years considering 2005 as the base year. 
He divided the water requirements into three main sectors: agricultural requirements, urban 
water need and the industrial requirements. The total future water requirements given in 
million cubic meter (MCM) is the summation of the three main sectors, and is given in 
Table 1.1, with an annual increase of 5%. The agricultural requirements based on the 
strategy of the Ministry of Agricultural in KSA and the major crops irrigation requirements 
while the urban water needs were estimated based on the country population and its growth 
rates. 
Table 1.1: Total Future Water Requirements (MCM) [10] 
Year 2005 2010 2015 2020 2025 
Agriculture(MCM) 17373 16099 14823 13546 13546 
Urban (MCM) 2191 2307 2425 2534 2630 
Industrial (MCM) 640 800 960 1120 1280 
Total (MCM) 20204 19206 18208 17200 17456 
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1.1.2 Water Desalination Role 
Water Desalination plays an important role in supplying fresh water in both developing 
and developed nations. Desalination is the process of removing salt and other dissolved 
solids from water in order to produce water suitable either for human consumption or 
agricultural purposes and industrial processes. Desalination does not only pertain sea and 
ocean water but also brackish water such as agricultural and industrial waters.   
At the end of 2015, desalination of seawater accounts for a worldwide water production of 
86.55 million m3/year (0.6% of global water supply). The Middle East and North Africa 
(MENA) account for 38% of global desalination efforts, but other regional centers of 
activity are becoming more prominent, such as the Mediterranean Sea and the Red Sea, or 
the coastal waters of California, China and Australia [4,5]. Desalination is more practical 
in these seas because they have lower water salinity than the ocean which significantly 
lowers energy consumption.  
Countries in The Arabian Gulf region face the largest per capita water scarcity in MENA, 
with an average water availability of less than 300 m3 per capita per year [13]. Water 
desalination researchers nowadays focus on using solar energy as it is free and does not 
negatively affect the environment. Kingdom of Saudi Arabia is considered one of the most 
promising potentials countries in producing solar energy worldwide due to its location in 
the sun belt. In addition, the solar intensity increases significantly in summer with the 
increasing of demand on electricity and water. 
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1.1.3 Water Desalination Technologies  
Desalination technologies for large operations have significant capital cost and energy 
requirement. The European Union (EU) funded a project assessing the best available 
technologies for desalination in local areas [11]. This project assessed the current state of 
11 different desalination technologies. The EU report mentioned the Membrane 
Distillation (MD) technology as low cost and effective desalination techniques if it is 
integrated with a renewable energy source as the solar or waste energy. In Table 1.2, a 
comparison is made between those 11 desalination technologies including their pros & 
cons, operating skills required on a defined scale, energy type required, energy 
consumption, capital and operating cost. We can classify these technologies based on the 
type of energy used [14] as shown in Figure 1.3. 
 




















MSF[15,16,17] High High Low 
- Suitable for high TDS feed 
technology 
-  Less pre-treatment required. 
- Robust and reliable 
- Mature and proven 
- More brine to be disposed. 
-  High Feed water 
Requirement. 
- High specific energy 
consumption 




Medium High Low 
- Mature and proven technology 
- Suitable for high TDS feed 
- Robust and reliable 
- Less pre-treatment required. 
- can use low-grade heat 
-  Low recovery ratio, when 
cooling water is accounted 
for. 
-  High specific heat 
consumption 
2 Heat + power 
MVC[21,22,23]  Medium to high High Low 
- Suitable for high TDS feed 
- Compact 
- Robust 
- Mature and proven technology 
- Mechanical compressor 
requires skilled O&M 




[24,25,26]   
Medium Low Medium 
- Suitable for high TDS feed 
- Compact 
-  Reliable 
- Less start-up and shutdown time 
- Mature and proven technology 
- High recovery ratio 
 
-  Variability in operating 
conditions and/or frequent 
start-up/shutdown cycles 
shorten membrane life 
-  Susceptible to various types 
membrane fouling. 
 
- Pre-treatment requires 
careful design. 
3 Power 
Electro-dialysis (ED & 
EDR) 
[27,28,29] 
Low Low Low 
- Less pre-treatment required 
- Reliable 
-High recovery ratio 
- Compact 
- Less start-up and shutdown time 
- Proven technology. 
 







High/ medium High Low 
- Suitable for very high TDS feed 
- Low pressure operation 
- Compact 
- needs less feed water for a given 
output. 
- Less pre-treatment required 
- Low grade heat usage 
- High specific heat 
consumption 










[33,34,34]   
High High NA 
- Less pre-treatment required 
- Compact 
- Recovery more than RO possible 
and can be used for zero discharge 
 
-Improved version of ED. 
 
- Emerging technology. 4 Power 
Thermo-IonicTM 
Desalination 
High High NA 
- Needs less feed water for a given 
output and has high recovery rate 
- Less pre-treatment required 
- Compact 
- Low grade heat usage 
 
- Proprietary design and 
information kept confidential 
-  Promising technology. 
- High specific heat 
consumption. 
4 Power + Heat 
Forward Osmosis 
[35,36,37] 
NA Low (prospective) NA 
-  Less pre-treatment required. 
- Low pressure operation and 
hence consumes less power. 
-  Emerging technology. 




Power (+heat in 
some cases) 
Solar Stills[38], [39] V. low High V. low 
- Simple and easy to operate 
- Uses solar energy 
-  Not practical for large 
capacity 
- Large area required. 
1 Solar (Heat) 
Humidification/ 
Dehumidification 
(HDH) [40]–[42]  
Medium High Low 
-  Simple design using cheap 
material 
-  Can use low grade thermal 
energy. 
-  Requires large area 
- Suitable only for small 
capacities. 
 
3 Heat + power 
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1.1.4 Membrane Distillation for Desalination 
Membrane Distillation (MD) is a thermally driven membrane separation technique. MD 
technique is emerging as an attractive alternative low energy desalination process. It’s an 
efficient and cost-effective technology which can be operated utilizing low grade waste 
heat from industrial processes or renewable energy sources such as geothermal and solar 
energies. 
In MD, a micro-porous hydrophobic membrane separates the hot feed solution and the cold 
side/permeate. Using the vapor pressure difference developed across the membrane due to 
the temperature difference, a driving force is generated to transfer the vapor across the 
membrane from the hot feed solution to the cold side/permeate; where it condensate [43]. 
We can summarize the water desalination process through the MD into three main steps: 
(1) Evaporation in the hot feed side of membrane  
(2) Transport of water vapor from the hot side to the cold permeate side through the 
membrane  
(3) Vapor condensation in the cold permeate side of the membrane 
There are four main configurations for the MD are shown in Figure 1.4: 
1- Direct contact membrane distillation (DCMD); 
2- Air gap membrane distillation (AGMD); 
3- Sweeping gas membrane distillation (SGMD); 













  a-Direct Contact Membrane Distillation 
b-Air Gap Membrane Distillation 
c- Sweeping Gas Membrane Distillation 
d- Vacuum Membrane Distillation 
 
In direct contact membrane distillation, the permeate is in direct contact with the cold 
membrane side surface. Evaporation takes place at the feed-membrane interface. The vapor 
is moved by the vapor pressure difference across the membrane to the permeate side and 
(a) (b) 
(d) (c) 
Figure 1.4: MD configurations [13] 
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condenses in the cold permeate stream inside the membrane module. In air gap membrane 
distillation, stagnant air is introduced between the membrane and a condensation surface. 
The vapor crosses the air gap to condense over the cold surface inside the membrane cell. 
In VMD on the other hand, a pump is used to create a vacuum in the permeate membrane 
side. Condensation takes place outside the membrane module. In SGMD, inert gas is used 
to sweep the vapor at the permeate membrane side to condense outside the membrane 
module. 
Main advantages of MD: 
• Water can be distilled at relatively low temperatures (40 to 90 °C). 
• Low-grade energy (solar, industrial waste heat or desalination waste heat) may be 
used. 
• It produces high-quality distillate (almost 100% salt rejection). 
• Good productivity (flux) due to advances in membrane manufacturing and module 
designs. 
• Cost effective, less expensive material can be used such as plastics. 
• Less/No corrosion problems (since plastic can be used). 
• Compact design. 
Limitations and challenges facing MD technology 
• Permeate flux is still lower than well-established industrial techniques 
(MSF-MED-RO). 
• Membrane wetting is possible. 
• Energy recovery. 
• Multistage design. 
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1.2 LITURATURE REVIEW 
At the beginning of the fourth century, various techniques started to develop for getting 
fresh water to cover the shortage in natural water resources. The technique of using solar 
energy to evaporate, condense the water and then collect it within the same closed system 
is known as solar distillation. Talbert et al. [44] wrote a great review paper on solar 
distillation. Delyannis [45] made an overview of the recent solar distillation plants in the 
world. The following Figure 1.5 represents the classification of the solar desalination 
technologies based on the way of utilizing solar energy. 
 




1.2.1 Desalination using Direct Contact Membrane Distillation  
In the 1960’s, Findley was the first to contribute with his work in the DCMD research area 
[47]. His experiments results were based on different membrane materials and he also 
contributed to the basic theory of the MD technique. By the mid of the 90’s, the number of 
publications that deals with the MD was doubled including a review by Sirkar  published 
in 1992 [48]. Also a large number of review papers wrote to evaluate the performance of 
the DCMD such as Lloyd and Lawson [49], Vahdati and Burgoyne [50]. Martinez & Diaz 
[51] studied the MD process from a theoretical point of view. An evaluation for a model 
based on gas transfer in the porous media showed an agreement with experimental results. 
A DCMD experiment conducted using two different membrane materials HVHP45 & 
GVHP22. The same model can predict also of salt solutions desalination. 
Jian-Mei Li et al. [52] conducted experiments on vacuum membrane distillation and direct 
contact membrane distillation systems using two different microporous hollow-fiber 
membranes polyethylene (PE) and polypropylene (PP). The experiments showed that with 
the increase in the feed flow and the temperature, the flux can increase significantly. The 
polyethylene membranes can permeate more distillate water than the polypropylene due to 
the advantage of the large pore size and the high porosity for the former. 
 
Lawal & Khalifa [53], [54] predicted the output  flux in DCMD using a theoretical model 
based on the analysis of the heat and mass transfer through the membrane and then the 
authors created a statistical model using the analysis of variance (ANOVA) technique to 
determine the significant effect of each operating parameter in the DCMD system 
performance which are the coolant inlet temperature, feed inlet temperature, coolant flow 
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rate and feed flow rate. Using the taguchi technique and applied regression, they 
determined the maximum positive effect for the DCMD system input variables was for the 
feed water temperature and the highest negative effect was for the coolant water 
temperature. Both the feed and coolant flow rates showed a small difference on the 
performance of the DCMD system.   
Khalifa et al. [55] studied experimentally and analytically the performance of a DCMD 
system. Based on the equations of mass and heat transfer, an analytical model was 
developed. This model proved its ability to predict the effect of different operating 
parameters inlet feed temperature, cold permeate temperature, feed flow rate, permeate 
flow rate, feed salinity concertation and membrane pore size. The model was validated 
with the experimental results and showed an error percentage less than 10%. The model 
showed that the permeate flux increases as the inlet feed temperature increases and as the 
permeate temperature decreases. Comparing the two operating parameters on permeate 
flux, the author mentioned that the feed inlet temperature has a higher effect than the 
permeate temperature. It’s important to mention that the DCMD system has an ability to 
handle high salt concentration feeds (100 g/L) with a high salt rejection factor. Khalifa et 
al. [56]  mentioned in his experimental work on DCMD system that the salt rejection factor 
reached almost 100% after continues operation of the system for 48 hours while the gain 
output ratio (GOR) was between 0.8 and 1.2 for different values of feed inlet temperatures. 
Cath et al. [57] investigated experimentally a DCMD module to improve the water 
desalination process. With a turbulence flow regime, three microporous hydrophobic 
membranes evaluated with a feed water temperature around 40 oC. The results showed that 
the careful design of the membrane module may result a reduction in the temperature 
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polarization and the permeability obstructions. Based on the author results, the flux can be 
doubled compared to the usual mode of DCMD operation at low temperatures  
Summers et al. [58] investigated the energy efficiency for different MD systems. The 
author compared the (GOR) value which is the ratio of the latent heat of vaporization for a 
one kilogram of the distillate water to the amount of energy used by the distillation systems. 
Increasing of the feed temperature and the membrane length led to a tremendous increase 
in the GOR value for the DCMD and the AGMD. The GOR for the VMD was much lower 
than the other configurations.  
1.2.2 Multi-stage Membrane Distillation Systems for Water Desalination 
Lee et al. [59] assessed theoretically a hybrid multi-stage VMD and a pressure-retarded 
osmosis (PRO) system to produce fresh water and power. They implemented a recycling 
flow scheme in the MS-VMD to produce both fresh water and highly concentrated brine. 
The concentrated brine is then provided to the PRO system as a draw solution for producing 
power. The authors found that the permeate flux increases when the recycling flow 
decrease at constant feed flow rate. Also, using the river water as feed water at constant 
hydraulic pressure difference the maximum power density of 9.7 W/m2 is achieved with 
0.5 kg/min feed flow rate. Pangarkar et al.  [60] studied experimentally and theoretically 
the performance of a multi-effect AGMD system. A mathematical model was developed 
based on the equations of mass and heat transfer for a single AGMD stage and then applied 
on four stages multi-effect-AGMD and then compared the results with the experimental 
data. The validation results showed a percentage error of 9%. At the feed temperature of 
80oC, feed flow rate of 1.5 L/min and coolant temperature of 20oC, the maximum flux of 
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the system achieved was 166.38 L/m2h, which is 3.2-3.6 times larger than the single stage 
AGMD process. 
Gilron et al. [61] designed a cascade of crossflow multi-stage DCMD system as shown in 
Figure 1.6 to maximize the energy recovery. The GOR reached 20 in the system but with 
low terminal temperature differences (TTD) for the DCMD and the heat exchangers. Then 
the authors improved the system to maintain a good energy recovery rate [62]. They 
connected the feed side of the multi-stage DCMD modules in a countercurrent series 
cascades and concluded that in the former cascade it’s preferable to use inter-stage heating 
of brine between each cascade. 
 




Lee et al. [63] made a comprehensive numerical analysis of productivity, the water product 
cost, and the membrane wetting problem to find the best arrangement for the system. He 
found that the mixed MVMD system with 20 stages, as shown in Figure 1.8, the highest 
productivity (3.79 m3/day), lowest water product cost ($1.16/m3), and lowest maximum 
trans-membrane pressure difference (93.8 kPa) in the studied arrangement. The results 
showed that when the inlet feed temperature is fixed, the higher feed velocity at module 
inlet is good at the productivity and the water product cost. 
 
Figure 1.7: Schematics of Multistage MD systems [63] 
a- Series arrangement, b- Parallel arrangement 
 





Geng et al. [64] investigated a multi-stage AGMD process for further concentrating RO 
brine and obtaining a high water recovery. Experiments conducted on an AGMD module 
with a series of hollow fiber membrane distributors to keep the distribution of membranes 
and hollow fibers uniform and stable. In one stage AGMD process the maximum value of 
the flux and GOR reached 6.8 kg/m2h and 7.1 respectively. The water recovery of one stage 
varied between 5-8%. In the 14 AGMD process the maximum value of the recovery and 
the minimum value of the flux were 82.2% and 3.9 kg/m2h respectively. 
1.2.3 Solar Powered Membrane Distillation Systems  
In 2014, Priya. D et al. [65], reported that integrating the solar energy collectors with the 
desalination systems offers a promising prospect in covering water and power needs in 
places that suffer in those two aspects. They divided the solar desalination processes into 
two categories: Direct processes where distillate water is produced directly in the solar 
collector. Indirect processes use sub-systems of solar energy collection and desalination. 
The direct methods are associated with low water demands due to a variety of simple stills 
used in that area. The indirect processes use thermal or electric energy, most commonly 
distillation and membrane methods using solar collectors and power generation or 
photovoltaic. 
 Chafidz et al.[66] made an experimental study on an integrated solar Vacuum Multi-Effect 
MD (V-MEMD) desalination system. Tests were conducted to evaluate the performance 
of the system. Under the following conditions a higher thermal-tank temperature, low feed 
flow rate, high solar radiation and heat pump utilization, the largest amount of water 
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produced was 99.6L. The optimum feed flow rate was 69 L/h. The use a heat pump gave 
the biggest contribution to increase the distillate output.   
 
Figure 1.9:Simplified block diagram of the integrated solar-driven desalination system [66] 
 
Meanwhile Zhao et al. [67] studied experimentally the performance of the memsys 
vacuum-multi-effect-membrane-distillation (V-MEMD) module. Solar and diesel heater 
were used as heating sources to drive the memsys V-MEMD module. The flow rate and 
temperature of cooling, heating and feed are the main parameters affecting the module 
performance and energy efficiency. The factors used to optimize module design and system 
scaling-up are the number of stages and the size of each stage. The GOR reached 1.52-1.66 




Figure 1.10: Diagram of standard memsys testing system [67] 
 
Hogan et al.[68] studied experimentally and theoretically the performance of a solar 
powered distillation system. The authors used FORTRAN and TRNSYS to code the mass 
and energy balance equations. They investigated the effect of increasing the surface area 
of the membrane at constant feed water temperature and flow rate. The results showed that 
with as the surface area increase, the distillate flux rate increase too and the experimental 
results validated the simulation model. 
Suarez et al.[69] investigated experimentally the performance of a DCMD driven by a salt-
gradient solar pond (SGSP). From the experiments results the author found that the coupled 
DCMD/SGSP system can threats approximately six times the water flow treated by 
AGMD/SGSP system. The average fresh water flux reached 1 L h-1 per m2 of membrane. 
This water production achieved with a temperature difference of 10oC between the feed 





Figure 1.11: Diagram of the experimental setup. The symbols P, EC, F, and T represent pumps, electrical 
conductivity probes, flow meters, and temperature sensors, respectively; [69] 
 
Zwijnenberg et al. [70] made an experimental analysis on the performance of a solar 
powered desalination system using membrane pervaporation. The author used synthesized 
seawater, Oman de-oiled formation water mad sea water from the North Sea. The fouling 
and feed concentration didn’t affect the distillate flux. 
Merciq et al. [71] did a study on a four different MD cases integrated with  
a- Solar pond that feed water to MD unit. 
b- MD unit immersed in SP. 
c- Solar collector heats the feed water for a MD unit. 
d- Solar collector integrated with MD unit that heats the feed water for the other MD 
unit. 
The design of the solar collector MD systems was simple compared with SP-MD systems. 
The output flux from the solar MD systems was higher too.  
Guillen-Burrieza et al. [72] conducted experiments on a two types of AGMD (module A 
and module B). The feed flow occurs through 6 parallel channels in module A while in 
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module B feed flow occurs through 2 parallel channels. Module A was having a better 
performance over module B with the increase in the feed flow rate. On the other hand, 
increasing the feed inlet water temperature has a positive effect on the distillate coming out 
from both modules 
From the previous literature review, we can conclude that what has not been done in the 
literature is designing and experimental investigations on a solar powered multistage 
DCMD system. 
 
1.3 THESIS OBJECTIVES 
Designing a multi-stage MD system can be a prominent way to increase the amount of the 
distillate flux output from the system and the feed water energy can be saved using a 
suitable connection between the modules. The proposed system works close to the 
atmospheric pressure and hence the construction is simpler.  The proposed system offers a 
sustainable environmental friendly desalination technology which can cover the need of 
potable water in rural, remote areas with a good solar energy potential.  
The objectives of this work are to investigate experimentally the performance of the solar 
powered multistage membrane distillation system for water desalination and to model the 







 The specific objectives are as follows:  
• Investigate the performance of a laboratory-scaled Multistage Direct Contact 
Membrane Distillation (MS-DCMD) system. 
• Study the effect of the main operating conditions such as feed temperature, coolant 
temperature, feed flow rate, coolant flow rate and feed concentration on the 
permeate flux of the MS-DCMD system. 
• Develop mathematical models for predicting the performance of the Evacuated 
Tube Solar Collector (ETSC) 
• Construction and testing of an outdoor solar system, with evacuated tube solar 
collector, for heating the feed water of the developed MS-DCMD system. 
 
1.4 RESEARCH METHADOLOGY 
The proposed work is to be accomplished as per the following stages:  
1. Background work and literature review:  
• Build a background about water scarcity problem worldwide, human 
consumption and needs for fresh water, desalination role, desalination 
technologies, etc.  
• Conduct a comprehensive literature review on multi-stage membrane 
distillation and solar desalination systems. 





2. Theoretical work: 
A mathematical modeling will be undertaken to perform a parametric study on the energy 
balance equation of the evacuated tube solar collector to predict the water tank temperature, 
which is the feed water to the MD desalination system. 
3. Experimental work: 
The experimental work is divided into two main parts: 
1- Multistage DCMD system to be tested inside the lab with a heater as a heating 
source for the feed water and a chiller to cool up the permeate water stream. 
2- Multistage DCMD system to be integrated with the solar collector to heat up the 
feed water using the solar energy. 
The performance of the evacuated tube solar collector with the multistage membrane 
distillation system to be evaluated. The solar MD system was instrumented with different 
sensors for monitoring and measuring different variables such as the salinity, pressure, hot 






2 CHAPTER 2 
EXPERIMENTAL SETUP & PROCEDURES 
2.1 Introduction 
In this chapter, the description of the indoor multistage direct contact membrane distillation 
(DCMD) and the outdoor integrated solar DCMD systems setup is presented. Details of 
the membrane material, the instrumentation used in the experiments, module design and 
components, and the assembling process of the multistage DMCD system is elaborated. 
Furthermore, the illustration of the multistage system with different flow arrangement 
(parallel, series and mixed) is introduced. Additionally, the experimental work objectives, 
plan and methodology will be summarized as well.  
 
2.2 Description of the laboratory setup  
The layout of the multi-stage DCMD system is presented in Figure 2.1. The multi-stage 
system consists of two water closed cycles, hot and cold, connected to the MD modules. 
The main components of the experimental setup are: A water chiller which can supply cold 
water flow at constant temperature and constant flow rate (Figure 2.3), an electric heater 
to feed the hot side of the system with water stream at constant temperature and constant 
flow rate (Figure 2.2), Chlorinated Poly-Vinyl Chloride (CPVC) pipes used to connect the 
system components which can withstand high water temperature (more than 90oC), and the 
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three DCMD modules where the water vapor separation and condensation process takes 
place. 
 
        Figure 2.1: The layout of the indoor laboratory system 
 
 
Figure 2.2: The electric heater 
 
 




The two cycles are manually controllable by some valves to change between different flow 
arrangement (parallel, series and mixed) and to change the water flow rate. The system 
setup is shown in the following Figure 2.4. 
 
Figure 2.4: The actual experimental system 
2.3 Description of the solar multistage DCMD system  
The same multi-stage DCMD system with its two-closed water closed cycles, hot and cold, 
are connected to an evacuated tube solar collector tank with 150 L water capacity and a 
water chiller, respectively. The main components of the experimental setup are: A water 
chiller which can supply cold water stream at constant temperature and constant flow rate 
(Figure 2.3), an evacuated tube solar collector system to heat up the feed water to the 
required temperature (Figure 2.5), two 0.5 hp centrifugal pumps responsible for pumping 
the hot and cold water stream to the DCMD modules at selected flow rates (Figure 2.6), 
Chlorinated Poly-Vinyl Chloride (CPVC) pipes to connect the system components, and the 
three DCMD modules where water vapor separation and condensation process takes place. 




Figure 2.5: The evacuated tube solar collector 
 








2.4 Module design 
The multistage DCMD system contains three separated MD modules. High-Density-Poly-
ethylene (HDPE) material is used to fabricate two chambers in each cell with total 
dimensions of 210 mm width, 210 mm length, and 40 mm thickness. The MD module 
chambers are feed chamber and cooling chamber, with two flow channels in each chamber. 
In-between every component within the module is a rubber gasket with 1.5 mm thickness 
to prevent internal and external leakage. The module flow channels were machined using 
CNC machine located at the main ME workshop. The module detail design and its 
dimensions are presented in Figure 2.8. 
 
Figure 2.8: A detailed solidworks sketch for the module with its dimensions in mm 
Figure 2.9 shows the detailed description of the parts used in designing the DCMD module 
which are two steel frame sheets, two plastic compartments for the module (HDPE) with 










a- HDPE Module Chamber 
 
b- Gasket 





   
Figure 2.10: Module parts used and the 
steps of the assembly process 
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2.5 Membrane characterization 
The membrane material used in this study is polytetrafluoroethylene (PTFE) of 0.22 μm 
pore size acquired from TISH SCIENTIFIC. It is a composite membrane that is composed 
of an active layer and support layer. The properties of the membrane material are measured 
in Universidad Complutense de Madrid (UCM), Spain and are tabulated in Table 2.1. 
Table 2.1: Membrane properties 
Properties PTFE 0.22 μm 
δfull membrane (μm) 159.5 ± 18.0 
δteflon (μm) 7.9 ± 1.8 
δsupport (μm) 143.3 ± 15.6 
dp (nm) 236 ± 6 
porosity (%) 75.9 ± 5.4 
θ (º) active layer 138.3 ± 2.4 
θ (º) support layer 121.4 ± 3.4 
 
2.6 Instrumentations and measuring devices 
The main instrumentations used for the measurements are feed flow meter (OMEGA FL 
50000), coolant flow meter (OMEGA FPR310) and a conductivity meter (DELTA-OHM 
HD 3406.2) to measure the salinity of the water in the two cycles. Also, thermocouples and 
pressure gauges have been installed at the inlet and exit of each MD module to measure 
the temperatures and the pressures respectively. Using the LABVIEW software, a code 
was created to transfer the thermocouple signals to a data acquisition system for recording 
the temperature readings at the inlet and exit of each module and analyze it along with the 
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power consumption signals for both the chiller and the heater. The permeate flux can be 
calculated for the membrane effective area by collecting the product volume from the three 
MD modules which appear as an increase in the water level inside the electric chiller at a 
certain period. Additionally, by measuring the feed and permeate salinity (salt 




Figure 2.11: Conductivity meter 
 
 
















Figure 2.15: Power transducer 
2.7 Calibration of the coolant flow meter 
To calibrate the coolant flow meter, manual measurements have been undertaken for the 
water volumetric flow rate leaving the chiller using a stop watch. Table 2.2 represents the 
difference between the manual measurements and the flow meter readings. 
Table 2.2: Calibration of the flow meter 











  (L/min)   
Low 6.53 6.52 0.15314 
Medium 9.32 9.3 0.21459 
High 12.52 12.5 0.15974 
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2.8 System operation 
The system main components are the chiller, the heater in the indoor case (ETSC in the 
outdoor case), and the DCMD module stack. The feed water is pumped from the heater 
(ETSC) to the module stack after getting heated to the required temperature where it enters 
the modules from the inlet header, then it continues to flow over the channels where vapor 
transfers across the hydrophobic membrane to the permeate cycle. After that, it leaves the 
module through an opening in the outlet header. While the cold water in the permeate cycle 
is pumped from the chiller to the cold module chamber through the inlet header. Then it 
continues to flow over the permeate cold channels where vapor condensation occurs. After 
collecting the condensed vapor, cold water flows out of the MD module through the outlet 
header to the permeate cold bath in the chiller. 
During this process, thermocouples installed at the inlet and exit of each module chamber 
measure the temperature of the feed and permeate streams. Furthermore, the flow rate of 
the feed and permeate streams is measured and manually controlled using flow meters and 
valves. 
For measuring the increase in the permeate volume in the cold cycle at a specified time 
period from the three MD modules, a small pipe is settled at a certain level in the chiller. 
As the vapor condensation process occurs in the three modules, the permeate volume level 
increases in the chiller bath. Which appears as water droplets that fall from the small pipe 





Figure 2.16: The permeate volume level increase pipe 
 
2.9  System flow Arrangements 
In this section, the different flow arrangements which will be experimentally investigated 
will be explained and summarized. 
2.9.1 Parallel flow arrangement 
The parallel flow arrangement is based on the idea of pumping feed and cold water in 
parallel lines where the inlet temperature to the MD modules is equal in both cycles. The 
feed water leaves the MD modules to the heater bath while the cold water in the permeate 
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side exits the MD modules to the chiller cold bath for cooling and recirculation. Figure 
2.17 presents the parallel flow arrangement. 
 
Figure 2.17: Parallel flow arrangement 
 
2.9.2  Series flow arrangement 
In the series flow arrangement, the feed and cold flow streams in both cycles are pumped 
to the first module chamber in each side. Then the flow goes from the first module to the 
next one until it reaches the heater bath in the hot side and the chiller cold bath in the 





Figure 2.18: Series flow arrangement 
 
2.9.3 Mixed flow arrangement (Series feed – Parallel permeate) 
 In the mixed flow arrangement, the feed cycle side is connected in series with the MD 
modules. The feed water is pumped from the heater to the first MD module chamber then 
it flows to the next one until it reaches the hot bath in the heater. While in the permeate 
cycle, the cold water is pumped at the same temperature to the three modules at the same 
time in parallel then the three outlet lines from the MD modules gathered together to the 




Figure 2.19: Mixed arrangement (Series feed- Parallel permeate) 
 
2.10 Experimental plan 
The operating parameters that are investigated are the feed temperature, feed flow rate, 
permeate temperature, permeate flow rate and feed concentration. The experiments are 
conducted by studying the effect of changing one of these variables with different flow 






Table 2.3: Experimental plan 
No Variable Range 
1 Feed Temperature 40 oC – 90 oC 
2 Coolant Temperature 15 oC - 25 oC 
3 Flow Rate of Feed (Parallel) 4 L/min - 7 L/min 
4 Flow Rate of Feed (Series) 1 L/min – 3 L/min 
5 Flow Rate of Coolant (Parallel) 4 L/min – 6 L/min 
6 Flow Rate of Coolant (Series) 1 L/min – 3 L/min 













3 CHAPTER 3 
PERFORMANCE OF THE LABORATRY MS-DCMD 
SYSTEM 
In this chapter, the effect of different operating parameters on the permeate flux output 
from the laboratory MS-DCMD system are studied. The operating variables are the feed 
temperature, permeate temperature, feed flow rate, and permeate flow rate. The power 
consumption of both the electric heater and the chiller is measured. Furthermore, the output 
permeate flux studied at different feed concertation. The mentioned operating variables are 
changed for different flow arrangements. 
 
3.1 Effect of feed temperature at different feed flow rates 
The effect of feed water temperature at different feed flow rates is studied for the multistage 
direct contact membrane distillation system (MS-DCMD). Figure 3.1 shows the effect of 
varying feed temperature at different feed flow rates on the permeate flux for the three 
modules in the MS-DCMD system in case of the parallel flow arrangement. The feed 
temperature is changed from 40oC to 90oC with 10oC increment and the feed flow rate 
entering the three modules is changed from 5 to 7 L/min with 1 L/min increment. The 
measurement of the permeate flux (for the three modules) started from the steady state at 
permeate temperature 25oC, 3500 mg/L feed concentration, and permeate flow rate =6 




The permeate flux increases with the increase in feed temperature and feed flow rate since 
increasing the feed temperature increases the vaporization rate in the feed side and 
consequently the vapor pressure difference across the membrane.  
With the increase in the feed flow rate, the permeate flux increases due to the enhancement 
in the turbulence level which leads to better mixing in the boundary layer and higher values 
of the heat and mass transfer coefficients through the membrane. 
  The maximum value of the system permeate flux (flux is based on the total area of 
membrane in the three modules) is reached at 90oC, and it is about: 
• 87.84 kg/m2.hr for the MS-DCMD system in the parallel flow arrangement at total 
feed flow rate= 7 L/min 
• 79.88 kg/m2.hr for the MS-DCMD system in the parallel flow arrangement at total 
feed flow rate= 6 L/min 
• 67.03 kg/m2.hr for the MS-DCMD system in the parallel flow arrangement at total 
feed flow rate= 5 L/min 
The percentage increase in the permeate flux due to change the feed temperature from 40℃ 
to 90℃ at total feed flow rate 7 L /min is 374.34% while the percentage increase in the 
permeate flux due to change the feed flow rate from 5 L/min to 7 L/min at 90℃ feed 




Figure 3.1: The effect of varying feed temperature and feed flow rate on the permeate flux for the parallel flow 
arrangement 
Conditions: membrane PTFE 0.22 μm, permeate temperature 25oC, feed salinity 3500 mg/L, permeate flow 
rate of 2 L/min for each module. 
In the series flow arrangement, the feed temperature is changed from 40oC to 90oC with 
10oC increment and the feed flow rate entering modules in series is changed from 2 to 3 
L/min with 0.5 increment. The measurement of the permeate flux (for the three modules) 
started from the thermal steady state for the modules at permeate temperature 25oC, 3500 
mg/L feed concentration, and the total permeate flow rate passing the modules in series is 






























Figure 3.2 presents the effect of varying the feed temperature and feed flow rate on the 
permeate flux for the three modules in the MS-DCMD system in case of the series flow 
arrangement.   
The maximum value of the system permeate flux (the total permeate flux from the three 
modules) is reached at 90oC, and it is about: 
• 73.46 kg/m2.hr for the MS-DCMD system in the series flow arrangement at feed 
flow rate= 3 L/min 
• 59.68 kg/m2.hr for the MS-DCMD system in the series flow arrangement at feed 
flow rate= 2.5 L/min 
• 54.17 kg/m2.hr for the MS-DCMD system in the series flow arrangement at feed 
flow rate= 2 L/min. 
The percentage increase in the permeate flux due to change the feed temperature from 40℃ 
to 90℃ at feed flow rate passing the modules in series 3 L /min is 336.4% while the 
percentage increase in the permeate flux due to change the feed flow rate that passes the 





Figure 3.2: The effect of varying feed temperature and feed flow rate on the permeate flux for the series flow 
arrangement 
Conditions: membrane PTFE 0.22 μm, permeate temperature 25oC, feed salinity 3500 mg/L, permeate flow 
rate of 2 L/min for each module. 
3.2 Effect of feed temperature with changing the permeate flow rate 
Figure 3.3 shows the variation of the permeate flux with the feed temperature at different 
permeate flow rates in the parallel flow arrangement. The feed temperature is changed from 
40oC to 90oC with 10oC step increase and the permeate flow rate entering the three modules 
changed from 4 to 6 L/min with 1 increment in case of parallel flow arrangement. 
From Figure 3.3, the permeate flux increase with the increase in the permeate flow rate and 


























DCMD enhances the turbulence level in the permeate channels, which leads to higher 
values of the mass and heat transfer coefficients in the permeate side of the module and 
that will enhances the condensation rate of the vapor. It is noted that the effect of changing 
the permeate flow rate is much less than the effect of varying feed flow rate. The percentage 
increase in the permeate flux due to change the feed temperature from 40℃ to 90℃ at total 
permeate flow rate 6 L /min is 521.9% while the percentage increase in the permeate flux 
due to change the permeate flow rate from 4 L/min to 6 L/min at 90℃ feed temperature is 
4.1%. 
 
Figure 3.3: The effect of varying feed temperature and permeate flow rate on the permeate flux for the parallel 
flow arrangement 
Conditions: membrane PTFE 0.22 μm, permeate temperature 25oC, feed salinity 3500 mg/L, feed flow rate 



























Figure 3.4 shows the variation of the permeate flux with the feed temperature and permeate 
flow rate for the series flow arrangement. The feed temperature is changed from 40oC to 
90oC with 10oC step increase and the permeate flow rate is changed from 2 to 3 L/min with 
0.5 increment in case of series flow arrangement. The percentage increase in the permeate 
flux due to change the feed temperature from 40℃ to 90℃ at permeate flow rate passing 
the modules in series 3 L /min is 470.2% while the percentage increase in the permeate 
flux due to change the permeate flow rate that passes the modules in series from 2 L/min 
to 3 L/min at 90℃ feed temperature is 8.2%. 
 
Figure 3.4: The effect of varying feed temperature and permeate flow rate on the permeate flux for the series 
flow arrangement 
Conditions: membrane PTFE 0.22 μm, permeate temperature 25oC, feed salinity 3500 mg/L, feed flow rate 


























3.3 Effect of feed flow rate with changing the permeate flow rate 
In this section, the effect of varying the feed flow rate with the permeate flow rate on the 
permeate flux will be investigated. In the parallel flow arrangement, the total feed flow rate 
values used for the three modules are 5 L/min, 6 L/min, and 7 L/min while the total 
permeate flow rate are 4 L/min, 5 L/min, and 6 L/min for the three modules. The permeate 
flux variation is recorded at constant feed temperature 50oC, permeate temperature of 25oC, 
and 3500 mg/L feed concentration.  
Figure 3.5 presents the variation of feed flow rate with permeate flow rate in the parallel 
flow arrangement. The permeate flux increases with the increase in the feed flow rate and 
permeate flow rate due to the increase in the turbulence levels in both the feed and permeate 
sides which increase the heat and mas transfer coefficients and also the rate of condensation 
of the vapor. The effect of changing the permeate flow rate is much less than the effect of 
varying the feed flow rate. The percentage increase in the permeate flux due to change the 
total feed flow rate from 5 L/min to 7 L/min at total permeate flow rate 6 L /min is 164.3% 
while the percentage increase in the permeate flux due to change the total permeate flow 





Figure 3.5: The effect of varying feed flow rate and permeate flow rate on the permeate flux for the parallel flow 
arrangement 
Conditions: membrane PTFE 0.22 μm, permeate temperature 25oC, feed salinity 3500 mg/L, feed 
temperature 50oC. 
Figure 3.6 shows the effect of changing the feed flow rate and the permeate flow rate on 
the permeate flux for the series arrangement. The feed flow rate varied for three different 
values passing each module are 2 L/min, 2.5 L/min, and 3 L/min and the permeate flow 
rate values 2 L/min, 2.5 L/min, and 3 L/min (for each module). The percentage increase in 
the permeate flux due to change the feed flow rate passing the modules in series from 2 
L/min to 3 L/min at permeate flow rate passing the modules in series 3 L /min is 224.2% 
while the percentage increase in the permeate flux due to change the permeate flow rate 
that passes the modules in series from 2 L/min to 3 L/min at feed flow rate passing the 


























Figure 3.6: The effect of varying feed flow rate and permeate flow rate on the permeate flux for the series flow 
arrangement 
Conditions: membrane PTFE 0.22 μm, permeate temperature 25oC, feed salinity 3500 mg/L, feed 
temperature 50oC. 
3.4 Effect of feed temperature at different permeate temperature 
The effect of varying feed temperature and permeate temperature on permeate flux will be 
studied. The permeate temperature is varied from 15oC to 25oC with 5oC step increase. The 
change in the permeate temperature is observed and recorded at different feed temperature 
varied from 50oC to 70oC with 10oC step increase. The feed salinity concentration is 3500 
mg/L. In the parallel flow arrangement, the total inlet feed and permeate flow rates are 6 


























Figure 3.7 shows the effect of permeate temperature with changing the feed temperature 
on the permeate flux in the parallel flow arrangement. The increase in the permeate 
temperature decreases both the temperature and pressure difference between feed and 
permeate sides across the membrane resulting a decrease in the permeate flux. The 
percentage increase in the permeate flux due to change the feed temperature from 50℃ to 
70℃ at 15℃ permeate temperature is 101.1% while the percentage increase in the 
permeate flux due to change the permeate temperature from 25℃ to 15℃ at 70℃ feed 
temperature is 35.43%. 
 
Figure 3.7: The effect of varying feed temperature and permeate temperature on the permeate flux for the 
parallel flow arrangement 
Conditions: membrane PTFE 0.22 μm, total permeate flow rate 6 L/min, feed salinity 3500 mg/L, total feed 



























For the series flow arrangement in the MS-DCMD system, the effect of permeate 
temperature on the permeate flux studied at feed flow rate 2 L/min and permeate flow rate 
2 L/min as shown in Figure 3.8. The percentage increase in the permeate flux due to change 
the feed temperature from 50℃ to 70℃ at 15℃ permeate temperature is 85.22% while the 
percentage increase in the permeate flux due to change the permeate temperature from 
25℃ to 15℃ at 70℃ feed temperature is 34.71%. 
 
 
Figure 3.8: The effect of varying feed temperature and permeate temperature on the permeate flux for the series 
flow arrangement 

























3.5 Effect of flow arrangement 
The mixed flow arrangement (series feed – parallel permeate) for the MS-DCMD system 
has been compared to both the parallel and series flow arrangements at feed temperature 
changed between 40oC to 90oC. These three flow arrangements were tested at permeate 
temperature 25oC, 3500 mg/L feed concentration, and permeate flow rate =6 L/min (the 
total flow rate for the three modules such that 2 L/min passing each module in the series 
case). 
Figure 3.9 shows the comparison between the three-different flow arrangements at 
different feed temperatures.  
 
Figure 3.9: The comparison between the three-flow arrangements at different feed temperatures 
Conditions: membrane PTFE 0.22 μm, permeate temperature 25oC, feed salinity 3500 mg/L, feed and 
permeate flow rates of 2 L/min for each module. 
From Figure 3.9 it can be clearly seen that; the output permeate flux for the MS-DCMD 



























arrangements. This is due to the high temperature difference across the membrane for the 
three modules in the parallel flow arrangement case compared to the other cases. 
Figure 3.10 presents the percentage increase in the permeate flux due to change the flow 
arrangement from series to mixed flow arrangement and from series to parallel flow 
arrangement at feed temperature 90oC, permeate temperature 25oC, feed salinity 3500 
mg/L, and feed and permeate flow rate of 2 L/min for each module.  
 
Figure 3.10: Percentage increase in the output flux due to change from series to mixed and parallel flow 
arrangement at feed temperature 90oC 
Conditions: membrane PTFE 0.22 μm, feed temperature 90oC, permeate temperature 25oC, feed salinity 
3500 mg/L, feed and permeate flow rate of 2 L/min for each module. 
 
Figure 3.11 presents the comparison between the three-flow arrangements at different feed 
flow rates. These three flow arrangements tested at feed temperature 50oC, permeate 
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total flow rate for the three modules such that 2 L/min passing each module in the series 
case).  
 
Figure 3.11: The comparison between the three-flow arrangements at the different feed flow rates 
Conditions: membrane PTFE 0.22 μm, feed temperature 50oC, permeate temperature 25oC, feed salinity 
3500 mg/L, permeate flow rate of 2 L/min for each module. 
 
Figure 3.12 shows the percentage increase in the permeate flux due to change the flow 
arrangement from series to mixed flow arrangement and from series to parallel flow 
arrangement at feed flow rate 2.3 L/min, feed temperature 50oC, permeate temperature 



























Figure 3.12: Percentage increase in the output flux due to change from series to mixed and parallel flow 
arrangement at feed flow rate 2.3 L/min 
Conditions: membrane PTFE 0.22 μm, feed temperature 50oC, permeate temperature 25oC, feed salinity 
3500 mg/L, permeate flow rate of 2 L/min for each module 
 
3.6 Effect of feed concentration 
The effect of feed salinity concentration on the permeate flux is shown in Figure 3.13. The 
three-different arrangements have been tested at three feed concentrations (0.15 g/L, 3.55 
g/L, and 35 g/L) to study the effect of feed salinity on permeate flux of the MS-DCMD 
system. The system operating condition was 50oC, permeate temperature 25oC, the total 
feed flow rate for the three modules is 6 L/min for the parallel flow arrangement (2 L/min 
passing each module in the series arrangement), and the total permeate flow rate for the 
three modules is 6 L/min for the parallel flow arrangement (2 L/min passing each module 
in the series arrangement). We can observe from Figure 3.13 that with the increase in feed 
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of the increase of salt precipitation on the membrane feed surface due to adding a resistance 
layer on the membrane surface and that prevents the passage of vapor through the 
membrane. 
Figure 3.13: Effect of feed salinity concentration on the permeate flux 
Conditions: membrane PTFE 0.22 μm, feed temperature 50oC, coolant temperature 25oC, feed and permeate 
flow rates of 2 L/min for each module. 
3.6.1 Permeate concentration 
Figure 3.14 presents the effect of feed concentration on the permeate salts concentration 
for the three-different arrangement. It can be seen that the permeate salts concentration 
increase with the increase in the feed concentration. The three different flow arrangements 


























Figure 3.14: The effect of feed concentration on the permeate salts concentration 
Conditions: membrane PTFE 0.22 μm, feed temperature 50oC, coolant temperature 25oC, feed and permeate 
flow rates of 2 L/min for each module. 
3.6.2 Salt rejection factor 
The salt rejection factor is a parameter used to verify the quantity of salt removed from the 
feedwater stream as a percentage. 
The salt rejection factor defined as 
𝑆𝑅𝐹 =
Feed Concentration − Permeate Concentration
Feed Concentration
∗ 100 
Figure 3.15 presents the effect of feed concentration on the salt rejection factor for the three 
different flow arrangements. With the increase in the feed concentration between the values 
0.15 g/L, 3.55 g/L, and 35 g/L, the salt rejection also increase to reach 99.99% In case of 


































Figure 3.15: The effect of feed concentration on the salt rejection factor 
Conditions: membrane PTFE 0.22 μm, feed temperature 50oC, coolant temperature 25oC, feed and permeate 
flow rates of 2 L/min for each module. 
3.7 Power consumption 
To measure the power consumed by the electric heater and the water chiller, power 
transducers were connected to the data acquisition system to record the electrical power 
consumption for the two-main flow arrangements (Parallel & Series flow arrangements) in 
the MS-DCMD system. The change in feed temperature, permeate temperature, feed flow 
rate, and permeate flow rate will be studied in the following subsections. 
3.7.1 Effect of temperature on the power consumption 
The power consumption for the MS-DCMD system in the parallel flow arrangement was 
measured at total feed and permeate flow rates 6 L/min while the system in the series flow 
arrangement was measured at feed and permeate flow rates 2 L/min. The electric heater 































90oC and the water chiller power consumption was measured at different permeate 
temperature varied from 15oC to 25oC. 
Figure 3.16 presents the electric heater power consumption at different feed temperature. 
The maximum power consumed by the electric heater was 1.92 KW in case of parallel flow 
arrangement and 2.02 KW in case of series flow arrangement at feed temperature 90oC and 
permeate temperature 25℃. 
Figure 3.17 shows the electric water chiller power consumption was measured at different 
permeate temperature. The maximum power consumed by the water chiller was 0.92 KW 
for the parallel flow arrangement and 1.07 KW for the series flow arrangement at permeate 
temperature 15oC. 
Under steady state operation, the power consumed by the electric heater increase with the 
increase in feed temperature due to the increase in heat losses to the surroundings and vice 
versa, the power consumed by the water chiller increase with the decrease in the permeate 
temperature because of losses increase from the chiller to the surroundings.  
Furthermore, it is obvious that the power consumed by the MS-DCMD system in the series 
flow arrangement is much higher than the system in the parallel flow arrangement because 
the series flow arrangement has a higher (than the parallel) temperature difference between 




Figure 3.16: The power consumption of the electric heater for different flow arrangements at the same operating 
conditions 
Conditions: membrane PTFE 0.22 μm, permeate temperature 25oC, feed and permeate flow rates of 2 L/min 
for each module. 
 
Figure 3.17: The power consumption of the electric chiller for different flow arrangements at the same operating 
conditions 























































3.7.2 Effect of flow rate on the power consumption 
The electric heater power consumption was measured at different feed flow rates which are 
5, 6, and 7 L/min for the parallel flow arrangement and 1.67, 2, and 2.3 L/min for the series 
flow arrangement.  Figure 3.18 shows the electric heater power consumption at different 
feed flow rates for the two flow arrangements. It’s clearly seen that; the electric heater 
power consumption increases with the increase in feed flow rate due to the increase in 
circulation rate in the feed cycle which lead to a lower heating rate. Furthermore, the power 
consumed by the MS-DCMD system in the series flow arrangement is much higher than 
system power in the parallel flow arrangement due to the high temperature difference along 
the same hot stream in the series case compared to the parallel one. 
 
Figure 3.18: The effect of feed flow rate on the electric heater power consumption 
Conditions: membrane PTFE 0.22 μm, feed temperature 50oC, permeate temperature 25oC, permeate flow 
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Figure 3.19 presents the effect of permeate flow rate on the chiller power consumption. It’s 
clearly seen that; the chiller power consumption increases with the increase in the permeate 
flow rate due to the increase in the recirculation rate which decrease the water cooling rate 
in the permeate cycle. Moreover, the chiller power consumption in the series flow 
arrangement case is higher than the parallel flow arrangement case due to the high 
temperature difference along the same permeate stream in the series case compared to the 
parallel flow arrangement. 
 
 
Figure 3.19: The effect of permeate flow rate on the electric chiller power consumption 
Conditions: membrane PTFE 0.22 μm, feed temperature 50oC, permeate temperature 25oC, feed flow rate 
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3.7.3 Temperature difference across feed and permeate cycles 
The temperature difference between inlet of the first module and outlet of the last module 
in the feed cycle was measured. Feed temperature was changed from 40 to 90℃ with 10℃ 
increment where feed and permeate flow rates are 2 L/min passing each module in parallel 
and series flow arrangements. Figure 3.20 shows the variation of temperature differences 
with feed temperature for parallel and series flow arrangements. It is clearly seen that the 
temperature difference increases with increasing feed temperature. Also, the temperature 
difference for the series flow arrangement is higher compared to parallel flow arrangement 
at the same feed temperature. 
 
Figure 3.20: The variation of temperature differences with feed temperature for parallel and series connections 
Conditions: membrane PTFE 0.22 μm, permeate temperature 25oC, feed and permeate flow rates of 2 L/min 




















































Figure 3.21 shows the variation of temperature differences with permeate temperature for 
parallel and series flow arrangements. Permeate temperature changed between 15 to 25℃ 
where feed and permeate flow rates are 2 L/min passing each module in parallel and series 
flow arrangements. It is noticed that the temperature difference increases with decreasing 
the permeate temperature for parallel and series flow arrangements. Also, the temperature 
difference for the series flow arrangement is higher compared to parallel flow arrangement 
at the same permeate temperature. 
 





























































4 CHAPTER 4 
SOLAR MULTISTAGE DCMD SYSTEM 
Solar energy is a sustainable, environmental friendly and cost-efficient way for heating the 
water. The evacuated tube solar collector (ETSC) is a solar heating device that can provide 
a great solution for many desalination technologies. Membrane Distillation technology is 
one of these water desalination techniques that can utilize the solar energy to reach the 
desired feed water temperature, which is between 60 to 90oC. 
In this chapter, a mathematical model was developed to predict the daily performance of 
the solar collector based on the energy balance equations. The model predicts the ETSC 
water tank temperature with the change in the solar irradiance over the day. Moreover, 
experimental investigations were conducted on the solar MS-DCMD system with different 
flow arrangements. 
4.1 Initial testing of the solar system 
We placed a thermocouple inside the solar collector tank to record the water temperature 
inside the tank. The ambient temperature was measured using a thermometer and the solar 
radiation was measured using a pyranometer (Frederiksen 4890.2). The water solar tank 
temperature compared to a mathematical model for validation. Figure 4.1 & Figure 4.2 
show the variation of the solar radiation and the ambient temperature with the measurement 
time, on April 23rd, 2016. It can be clearly seen that; the ambient temperature and the solar 






Figure 4.1: Ambient temperature variation with time 
 
 
Figure 4.2: Solar irradiance variation with time 
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Figure 4.3 shows the variation of water temperature inside the solar tank. The water 
temperature reached 90oC after 34 hours from filling up the solar tank with raw water at 
25oC. 
 
Figure 4.3: Experimental results for the water temperature variation in the solar tank 
 
4.2 Energy analysis & modeling of the evacuated tube solar collector 
In this section, a mathematical model is presented to predict the ETSC water tank 
temperature with variable solar irradiance over the day. First, we model the simple case of 
single glass evacuated tube solar collector and then the mathematical model is modified to 
consider the double glass evacuated tube solar collector, as shown in Figure 4.4. 
Experimental data of the ambient temperature and solar radiation in April 23rd, 2016 are 
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used as input to the mathematical models to predict the water tank temperature. Model 
results are then compared to the measured water tank temperature for validation. 
 
Figure 4.4:The Evacuated Tube Solar Collector 
 
Glass evacuated tubes are the key component of the evacuated tube heat pipe solar 
collectors. Each evacuated tube consists of two glass tubes. The outer tube is made of 
extremely strong transparent borosilicate glass that can resist impact from hail up to 25mm 
in diameter. The inner tube is also made of borosilicate glass, but coated with a special 





Figure 4.5: The detailed components of the ETSC tube 
 
4.2.1 Mathematical model of the single glass evacuated tube solar collector 
An energy balance that indicates the distribution of incident solar energy into useful energy 
gain, thermal losses, and optical losses is being developed to describe the performance of 
the solar system. The solar radiation absorbed by the tube per unit time is equal to the 
multiply of direct incident solar radiation, aperture area of the absorber and the absorptivity 
of the glass.  
Assumptions made for this model are: 
1- The convection and radiation losses between the copper pipe (heat pipe) and the glass 
is estimated as 5%. 




3- The convective heat reaches the working fluid inside the copper pipe is the same 
amount of heat that reaches the water inside the solar collector tank without any losses 
(heat pipe efficiency is 100%). 
4- The fin effect is neglected. 
 
 
Figure 4.6: Energy Analysis for a cross-sectional cut in the single glass ETSC 
 
As shown in Figure 4.6, the glass receives the radiation from the sun; part of it is lost due 
to radiation and convection effects from the glass to air and the other part is transmitted to 
the heat pipe through the vacuum layer. The energy balance for the glass: 
As-g αg G = mgCpg
𝑑𝑇𝑔
𝑑𝑡
 + As-g qg-air                                              (4.1) 
Where the heat transfer losses between the glass and air due to radiation and convection 
are calculated as 















where the sky temperature is an average of the temperature between the ground and the 
upper troposphere (Tsky= Ta-7)  
The convective heat transfer coefficient between the glass and air depends on the wind 
speed [73], and is given by  
         hg = 5.7+ 3.8V                                           (4.3) 
The energy balance for the heat pipe is given by 
 As-p αpτg G*0.95 = Qconv,fluid                                                        (4.4) 
where the radiation loss from the copper pipe to the outer glass is assumed to be 5% 
Thermal heat gained by the water inside the tank can be calculated as 
Qtank=Number of tubes * Qconv,fluid                                    (4.5)                                          
Qtank=mw Cpw (Tfinal-Tinitial)                                                (4.6) 
 
Figure 4.7 shows the variation of water temperature in the solar tank with time for the 
single glass ETSC mathematical model. This case is considered as a simplified case of the 
double glass ETSC model. It predicted that the water temperature in the solar tank can 
reach 84.5℃ after 34 hours.  
During night, the solar radiation was set to zero and the temperature drop per hour was 




Figure 4.7: The variation of water tank temperature in the single glass ETSC model 
 
4.2.2 Mathematical model for the double glass evacuated tube solar collector 
The single glass model is modified by introducing an outer layer of glass to the single glass 
with a vacuum layer between the two glass layers. Then the results of the double glass 
model are validated with the experimental data of water tank temperature measured in April 
23rd, 2016. 
As shown in Figure 4.8, the main three components of the double glass ETSC are the outer 
glass, the inner glass and the copper pipe with a vacuum area between the outer and the 
inner glass. It is assumed that: 
-  There are no heat losses between the outer and the inner glass while the area 
between the inner glass and the copper pipe is filled with air.   
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- The copper pipe has a temperature that is approximately equal to the working fluid 
temperature inside it. 
Figure 4.8 represents a schematic of the distribution of heat absorbed by the main three 
components, the convection and radiation heat loss from the outer glass, and the convection 
and radiation losses between the inner glass and the copper pipe. 
 
Figure 4.8: Energy analysis for a cross-sectional cut in the double glass ETSC 
 
The outer glass receives the radiation from the sun; part of it is lost due to radiation and 
convection effect from the outer glass to air. The energy balance for the outer glass: 
As-og αog G = mog Cp og
𝑑𝑇𝑜𝑔
𝑑𝑡
 + As-og qog-air                                        (4.7) 
Where the heat losses between the outer glass and the air due to radiation and convection 
are calculated as, 















The convective heat transfer coefficient between the outer glass and the air depends on the 
wind speed [73], and is given by  
                                            hog = 5.7+ 3.8V                                              (4.9) 
The inner glass receives the transmitted solar irradiance and also heat losses (radiation and 
convection) from the copper pipe. The energy balance for the inner glass is given by 
As-ig α g τog G = migCpig
𝑑𝑇𝑖𝑔
𝑑𝑡
 + As-ig qrad p-ig + As-ig qconv p-ig                            (4.10) 
The energy balance for the copper pipe is given by 
 As-p αp τog τig G= As-p qconv,fluid   +  As-p qrad p-ig + As-p qconv p-ig  +  mp Cp-p 
𝑑𝑇𝑝
𝑑𝑡
                (4.11) 
Thermal heat gained by the water inside the tank can be calculated as 
Qtank=Number of tubes * Qconv,fluid                                    (4.12)                                          
Qtank=mw Cpw (Tfinal-Tinitial)                                                (4.13) 
The measurement of the water temperature inside the solar tank started at 6 am and 
continued for 34 hours with one sample measurement every one hour. Figure 4.9(a) shows 
a comparison between the predicted water temperature inside the solar tank using the single 
glass model and the double glass model of the evacuated solar collector. Figure 4.9(b) 
shows the measured hourly variation of water temperature inside the solar tank and the 
variation of the predicted water temperature inside the tank with the double glass ETSC 
model. It is clearly seen that this model estimates that the water temperature inside the solar 
tank can reach 87℃ (higher than the water temperature of the single glass model 84.5℃) 





  Figure 4.9: (a) Water temperature variation in single and double glass models  
(b) Experimental results of hourly water temperature variation inside the solar tank with the results of the 
double glass model 
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Also, the modeling of the evacuated tube glass temperature shows an agreement with the 
experimental results as shown in Figure 4.10. 
 
Figure 4.10: The variation of the glass temperature in the double glass model with the experimental results 
 
From the mathematical model of double glass evacuated tube solar collector and the 
experimental results of the solar collector, Figure 4.9 shows that the feed water temperature 
can reach around 90oC which is perfect condition for the multi-stage direct contact 
membrane distillation system and accordingly ETSCs can be used as pre-heaters for the 
feed water in the MD systems. The maximum deviation error is 8% and was after 19 hours 
from starting the experiment.  
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4.3 Performance of solar powered parallel flow MS-DCMD system 
In April 28th, 2017, the solar MS-DCMD system have been tested with parallel flow 
arrangement. The controlled input parameters for the MS-DCMD system are total feed and 
permeate flow rates= 6 L/min (the total flow rate for the three modules) and 3500 mg/L 
feed salinity. Two chillers where used to control the permeate water temperature in the cold 
cycle due to high heat transfer between hot and cold sides through the membrane. The 
permeate water was collected from an opening in one of these two chillers. 
Figure 4.11 presents the ETSC outer glass temperature variation along with the change in 
ambient temperature from 9 am to 3:30 pm which is the experiment working hours. 
 
Figure 4.11: The variation of the ETSC outer glass temperature and the ambient temperature along the 
experiment 
Figure 4.12 shows the variation of the solar radiation along the experiment working hours. 





























Figure 4.12: Solar radiation variation along the experiment 
 
Figure 4.13 presents the water temperature variation in the ETSC tank (feed cycle tank) 
and the water temperature variation in the chiller (permeate cycle tank). It was noted that 
the main chiller could not control the permeate temperature in the desired temperature 
range. A heat exchanger connected to an auxiliary chiller was placed inside the main chiller 
tank to increase the cooling power supply in the permeate cycle. The set temperature of the 
two chillers was 5℃. However, the two chillers were not able to reach the set value.  The 
water temperature inside the chiller tank was 25℃ at the beginning of the experiment and 
then there was an increase in it until 10:30 am and after that it starts to decrease with the 
sharp decrease in the water solar tank temperature. It’s clearly seen that the water 
temperature in both feed and permeate hard to control in the desired temperature range due 
to high conduction heat transfer rate between feed and permeate sides across the membrane 
































Figure 4.13: The water temperature variation in the solar tank with change in the chiller water temperature for 
the parallel MS-DCMD solar system 
Figure 4.14 presents the permeate flux variation with time. The permeate flux started with 
the maximum value 68.36 kg/m2.hr due to the high temperature difference between the 
feed and permeate sides. Then it starts to sharply decrease as the time goes on because of 
the high heat transfer between the feed and permeate sides across the membrane in the 
three MD modules which decreases the feed water temperature and increases the permeate 
temperature with continuous cooling from the two chillers. After that the permeate flux 
starts to decrease will a lower rate because the temperature difference between the feed and 
permeate sides becomes almost constant which is shown in Figure 4.13 from 11 pm to 3:30 
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Figure 4.14: The permeate flux variation with time for parallel MS-DCMD solar system 
Conditions: membrane PTFE 0.22 μm, feed salinity 3500 mg/L, feed and permeate flow rates of 2 L/min for 
each module 
 
4.4 Performance of solar powered series flow MS-DCMD system 
In May 7th, 2017, the solar MS-DCMD system have been tested with series flow 
arrangement. The controlled input parameters for the MS-DCMD system are feed and 
permeate flow rates passing the three modules= 2 L/min and 3500 mg/L feed salinity. 
Figure 4.15 presents the ETSC outer glass temperature variation along with the change in 

























Figure 4.15: The variation of the ETSC outer glass temperature and the ambient temperature along the 
experiment 
Figure 4.16 shows the variation of the solar radiation along the experiment working hours. 
It reaches a maximum value of 847 W/m2 at 12 pm. 
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Figure 4.17 presents the water temperature variation in the ETSC tank (feed cycle tank) 
and the water temperature variation in the chiller (permeate cycle tank). The same problem 
of the solar powered parallel flow MS-DCMD system experiment repeated itself. The main 
chiller could not control the permeate temperature in the desired temperature range. A heat 
exchanger connected to an auxiliary chiller was placed inside the main chiller tank to 
increase the cooling rate in the permeate cycle. The water temperature inside the chiller 
tank was 27℃ at the beginning of the experiment and then there was an increase in it until 
its value 10:30 am and after that it starts to decrease with the sharp decrease in the water 
temperature in the solar tank and becomes constant from 2 to 3:30 pm. It’s clearly seen that 
the water temperature in both feed and permeate hard to control in the desired temperature 
range due to high conduction heat transfer rate between feed and permeate sides across the 
membrane in the three MD modules. 
 




























Figure 4.18 presents the permeate flux variation with time. The permeate flux started with 
the maximum value 57.4 kg/m2.hr due to the high temperature difference between the feed 
and permeate sides. Then it starts to sharply decrease as the time goes on because of the 
high heat transfer between the feed and permeate sides across the membrane in the three 
MD modules which decreases the feed water temperature and increases the permeate 
temperature with continuous cooling from the two chillers. After that the permeate flux 
starts to decrease with a lower rate. The total productivity of the system after operating it 
from 9 am to 3:30 pm was 4.5 Liter. 
 
Figure 4.18: The permeate flux variation with time for the solar powered MS-DCMD series connected system 
Conditions: membrane PTFE 0.22 μm, feed salinity 3500 mg/L, feed and permeate flow rates of 2 L/min 
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4.5 Comparison between parallel and series flow arrangements 
The solar MS-DCMD system has been tested with series and parallel flow arrangements 
on two different days from 9 am to 6 pm. 
In the series flow arrangement, the feed flow rate has been changed for two different days; 
August 3rd, 2017 and August 7th, 2017. The controlled input parameters for the MS-DCMD 
system are feed flow rates =1.167, 2.334 l/min, permeate flow rate 1.167 l/min passing the 
three modules and 3500 mg/L feed salinity. 
Figure 4.19 shows the variation of the solar radiation with time for two different days. We 
can notice that the curve exhibits a concave down words, peaking at noon. 
 
Figure 4.19: Solar radiation variation with time 
Figure 4.20 shows the variation of water temperature inside the solar tank and the electric 
chiller with time for two different days (different feed flow rates). The feed water 
temperature decreases with time because of high heat transfer between hot and cold sides 
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increase due heat transfer between the two sides and after that starts to decrease with time 
in parallel with the feed water temperature. 
 
Figure 4.20: The variation of water temperature inside the solar tank and the electric chiller (feed and permeate 
sides) with time for the series arrangement  
In the parallel flow arrangement, the feed flow rate has been changed for two different 
days; August 12th, 2017 and August 17th, 2017. The controlled input parameters for the 
MS-DCMD system are feed flow rates =1.167, 2.334 l/min, permeate flow rate 1.167 l/min 
passing each of the three modules and 3500 mg/L feed salinity. 
Figure 4.21 shows the variation of the solar radiation with time for two different days. We 
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Water temperature in the electric chiller 3/8/2017
Water temperature in the solar tank 7/8/2017
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Figure 4.21: Solar radiation variation with time 
Figure 4.22 shows the variation of water temperature inside the solar tank and the electric 
chiller with time for two different days (different feed flow rates). The feed water 
temperature decreases with time because of high heat transfer between hot and cold sides 
across the membrane. The cold-water temperature in the electric chiller starts to increase 
due heat transfer between the two sides and after that starts to decrease with time in parallel 



































Figure 4.22: The variation of water temperature inside the solar tank and the electric chiller (feed and permeate 
sides) with time for the parallel flow arrangement  
 
Figure 4.23 shows the variation of the flux at different feed flow rates from 10 am to 6 pm 
with different flow arrangements. We observed that the flux decreases with time for 
different flow arrangements due to the decrease in feed water temperature with time. Also, 
the system at parallel flow arrangement yields more output flux compared to the system in 
the series case. This is attributed to high temperature difference across the membrane in 
the parallel case. Furthermore, the output flux increases with increasing the feed flow rates 
in the two arrangements due to the increase in the turbulence levels in feed side which 
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Figure 4.23: Flux variation at different feed flow rates with time for different flow arrangements 
4.6 Effect of feed and permeate flow rates on the MS-DCMD solar 
system with parallel flow arrangement 
The solar MS-DCMD system has been tested with parallel flow arrangement on four 
different days from 9 am to 6 pm. 
The feed salinity was 3500 mg/L and feed and permeate flow rates have been changed for 
four different days as follows: 
- August 12th, 2017, feed flow rate=1.167 l/min and permeate flow rate=1.167 l/min 
passing each module. 
- August 17th, 2017, feed flow rate=2.334 l/min and permeate flow rate=1.167 l/min 





















3/8/2017 qf=1.167 l/min, qp=1.167 l/min series arrangement
7/8/2017 qf=2.334 l/min, qp=1.167 l/min series arrangement
12/8/2017 qf=1.167 l/min, qp=1.167 l/min parallel arangement




- August 21st, 2017, feed flow rate=2.334 l/min and permeate flow rate=2.334 l/min 
passing each module.  
- August 25th, 2017, feed flow rate=1.75 l/min and permeate flow rate=2.334 l/min 
passing each module. 
Figure 4.24 shows the solar radiation variation with time for the four different days. We 
can notice that the curve exhibits a concave down words, peaking at noon. 
 
Figure 4.24: Solar radiation variation with time for four different days 
Figure 4.25 & Figure 4.26 show the variation of water temperature inside the solar tank 
and the electric chiller with time for the four different days (different feed and permeate 
flow rates). The feed water temperature decreases with time because of high heat transfer 
between hot and cold sides across the membrane. The permeate water temperature in the 
electric chiller starts to increase due heat transfer between the two sides and after that starts 



































Figure 4.25: feed water temperature variation with time for four different days 
 
Figure 4.26: Permeate water temperature variation with time for four different days 
 
Figure 4.27 shows the variation of the flux at different feed and permeate flow rates from 
10 am to 6 pm with different flow arrangements. We observed that the flux decreases with 
time for the parallel flow arrangement due to the decrease in feed water temperature with 




































































to the increase in the turbulence levels in both the feed and permeate sides which increase 
the heat and mas transfer coefficients and also the rate of condensation of the vapor.  
 
Figure 4.27: Flux variation at different feed and permeate flow rates with time for the parallel flow arrangement 
 
The total productivity of the system after operating it from 9 am to 6 pm was as follows: 
- August 12th, 2017, feed flow rate=1.167 l/min and permeate flow rate=1.167 l/min 
passing each module. The total productivity of the system was 4.4 L. 
- August 17th, 2017, feed flow rate=2.334 l/min and permeate flow rate=1.167 l/min 
passing each module. The total productivity of the system was 8.6 L. 
- August 21st, 2017, feed flow rate=2.334 l/min and permeate flow rate=2.334 l/min 





















12/8/2017 qf=1.167 l/min, qp=1.167 l/min, parallel arrangement
17/8/2017 qf=2.334 l/min,qp=1.167 l/min, parallel arrangement
21/8/2017 qf=2.334 l/min, qp=2.334 l/min, parallel arrangement
25/8/2017 qf=1.75 l/min, qp=2.334 l/min, parallel arrangement
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- August 25th, 2017, feed flow rate=1.75 l/min and permeate flow rate=2.334 l/min 
passing each module. The total productivity of the system was 5.48 L. 
4.7 Performance of the MS-DCMD solar system without cooling with 
parallel flow arrangement 
In August 29th, 2017, the solar MS-DCMD system has been tested with parallel flow 
arrangement without cooling the permeate cycle from 9 am to 6 pm. The controlled input 
parameters for the MS-DCMD system are feed flow rate=1.167 l/min, permeate flow rate 
1.167 l/min passing each module and 3500 mg/L feed salinity. 
Figure 4.28 shows the variation of the solar radiation with time for the parallel flow 
arrangement. We can notice that the curve exhibits a concave down words, peaking at noon. 
 
 

































Figure 4.29 shows the variation of water temperature inside the solar tank and the permeate 
water tank with time for the parallel flow arrangement. The feed water temperature 
decreases with time because of high heat transfer between hot and cold sides across the 
membrane. The cold-water temperature in the permeate water tank starts to sharply 
increase due high heat transfer between the two sides and after that starts to decrease with 
time in parallel with the feed water temperature. 
 
Figure 4.29: The variation of feed water temperature and permeate water temperature with time for the parallel 
flow arrangement 
 
Figure 4.30 presents the permeate flux variation with time. The permeate flux started with 
the maximum value 49.2 kg/m2.hr due to the high temperature difference between the feed 
and permeate sides. Then it starts to sharply decrease as the time goes on because of the 
high heat transfer between the feed and permeate sides across the membrane in the three 

























Feed water temperature in the solar tank
Permeate water temperature in the permeate tank
August 29th, 2017




temperature. At 3 pm, the permeate flux is becoming almost zero, due to the small 
difference in the temperature between feed and permeate sides (about 15°C). The total 
productivity of the system was 1.9 Liter/day. 
 
Figure 4.30: Permeate flux variation with time for the MS-DCMD system in the parallel flow arrangement 
without cooling 
 
Figure 4.31 shows the variation of the permeate flux for two different days. The MS-
DCMD solar system performance has been tested with and without cooling the permeate 
cycle at the same feed and permeate flow rates=1.167 L/min. It is clearly seen that, the 
permeate flux from the system with cooling the permeate cycle is higher than the system 
without cooling the permeate side. In both cases, the permeate flux of the system starts at 
























Figure 4.31: The permeate flux variation with time for two different days with and without cooling the permeate 
cycle 
Table 4.1 represents the estimated productivity of the MS-DCMD solar system in parallel 
and series flow arrangements with different feed and permeate flow rates. 
 
Table 4.1: The total productivity of the MS-DCMD solar system from 9 am to 6 pm at different feed and parallel 
flow rates 





9am to 6pm [L] 
Series 1.167 1.167 3.396 
Series 2.334 1.167 3.895 
Parallel 1.167 1.167 4.434 
Parallel 2.334 1.167 8.648 
Parallel 2.334 2.334 9.136 
Parallel 1.75 2.334 5.482 
Parallel (without 
cooling) 























5 CHAPTER 5 
CONCLUSIONS 
Experimental investigations had been carried out on multistage direct contact membrane 
distillation systems. These investigations included lab test and solar driven test for the MS-
DCMD system. Additionally, a mathematical model had been studied and developed and 
validated to predict the performance of the evacuated tube solar collector as the heating 
source of feed water in the MD systems. 
The permeate flux had been studied at different operating parameters including feed 
temperature, permeate temperature, feed flow rate, permeate flow rate, and feed salinity 
concentration. Additionally, the power consumption for the MS-DCMD system had been 
measured. 
The following conclusions can be made from the experimental study: 
1- Lab test of the MS-DCMD system 
• The increase in the feed temperature, feed flow rate, and permeate flow rate 
increases the permeate flux for the MS-DCMD system. While the permeate flux 
decreases with the increase in the permeate temperature and feed salinity. 
• The output flux from the MS-DCMD system in the parallel flow arrangement is 
higher than flux output from the series and mixed flow arrangements 
• The percentage increase in flux due to the change of connection from series to 
mixed flow arrangement is around 20% and from series to parallel flow 
arrangement is 32.4% at feed temperature 90oC. 
• A very high salt rejection factor (SRF) had been achieved around 99.9%.  
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• The electric heater power consumption is higher than the power consumed by the 
chiller for the MS-DCMD in both parallel and series flow arrangements due to the 
high temperature difference across the feed flow stream. 
• The power consumed by the chiller increases with the decrease in the permeate 
temperature and also with the increase in permeate flow rate. Similarly, the power 
consumed by the electric heater increases with the increase in feed temperature and 
feed flow rate due to the increase in heat transfer rate and also heat losses. 
• The MS-DCMD system power consumption in the series flow arrangement is much 
higher than the system power consumption in the parallel flow arrangement due to 
high temperature drop in both feed and permeate cycles. 
2- Mathematical modeling of ETSC 
• The mathematical model showed a close agreement with the experimental results. 
It can predict the water temperature inside the solar tank. 
3- Solar powered MS-DCMD system 
• For the MS-DCMD system, it’s hard to control feed and permeate temperatures 
because of the high heat transfer across the membranes in the three MD modules. 
To maintain the feed and permeate water temperature, one needs a huge amount of 
energy to be supplied to the system for heating and cooling. 
• The temperature difference between feed and permeate streams is the most 
influential parameter on the permeate flux in the solar MS-DCMD system. 
• The MS-DCMD system with parallel flow arrangement produces higher permeate 
flux compared to the system in series flow arrangement. 
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• It’s not recommended to operate the MS-DCMD system without cooling the water 
in permeate cycle due to high heat transfer between feed and permeate sides. 
• Running the solar MS-DCMD system from 9 am to 6 pm in summer months, the 
system productivity was between 4 to 8 Liters 
 
Recommendations 
• To use solar cooling subsystems integrated to the MS-DCMD system. 
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"This code is used to make an analysis for a single evacuated tube 
solar collector. Assumption made evacuated tube cosists of a single 
glass layer and a copper pipe which transfers the heat to the water 
inside the tank" 
  
As_g=0.4                          " surface area of glass m2"                            
As_p=0.053                       " surface area of copper pipe (m2)" 
D_p=508E-4                         "Diameter of the pipe m" 
ag=0.15                                "absorptivity of the glass" 
ap=0.95                                "absorptivity of the copper 
pipe" 
touh_g=1-ag                         "transmittivity of the glass" 
e=0.1                                  "Emissivity of the glass" 
s=5.6697E-08                      "Stephan Boltzman constant W/m2 K4" 
V=2                                   "Wind Speed m/s"
  
hg=5.7+(3.8*V)                                 "Convection heat tranfer 
coeff (W/m2 k)" 
Tin=25                               "intial temperaure of the tank K" 
N_t=20                              "number of tubes" 
mw=150                              "mass of water stored in the tank 
kg"  
mg=1.5                                "mass of the glass kg" 
Tgo=25                               "initial temperature for the glass 
K" 
mp=0.5                                " mass of the copper pipe kg" 
Tpo=25                               "intial temperaure for the copper 
pipe in K" 
Pa=100                                 "atmospheric pressure kpa" 
Nu_D=4.364 
losses = 0.02  
  
  























Tf[1]=25                "Initial guess for the water temperature in C" 
cpg=753                 "specific heat transfer coefficient for the 
glass pipe j/kg k" 
cpw[1]=4183             "specific heat transfer coefficient for the 












cpw[i+1]=cp(Water,T=Tf[i],P=Pa) "specific heat transfer coefficient for 





   
Duplicate i=1,15 
  
qrad_g_a[i]=e*s*(Tg[i]^4-(Ta[i]-7)^4)   "radiation losses from the 
glass to the air W/m2" 
 
qconv_g_a[i]=hg*(Tg[i]-(Ta[i]))"convection losses from the glass to the 
air W/m2" 
 
Qrad_ga[i]=qrad_g_a[i]*As_g "radiation losses from the glass to the air 
in W" 
 




".................{Energy balance for the glass} ...............” 
  
(As_g*ag*G[i])=Qrad_ga[i]+Qconv_ga[i]+mg*cpg*(Tg[i]-Tgo)/3600                 
  
  
".............{""Energy balance for the copper pipe""}.........” 
  
  
(As_p*ap*touh_g*G[i])*(1-losses) =Qconv[i]      
  
  
".....{heat transfer equations from the pipe to the methanol}......." 
  










qrad_g_a[i]=e*s*(Tg[i]^4-(Ta[i]-7)^4)"radiation losses from the glass 
to the air W/m2" 
qconv_g_a[i]=hg*(Tg[i]-(Ta[i]))"convection losses from the glass to the 
air W/m2" 
Qrad_ga[i]=qrad_g_a[i]*As_g "radiation losses from the glass to the air 
in W" 




"......................{Energy balance for the glass}............" 
  
(As_g*ag*G[i])=Qrad_ga[i]+Qconv_ga[i]+mg*cpg*(Tg[i]-Tgo)/3600                 
  
  
"...............{""Energy balance for the copper pipe""}........." 
  
  
(As_p*ap*touh_g*G[i]) *(1-losses)=Qconv[i]      
  
  
"......{heat transfer equations from the pipe to the methanol}...." 
  






qrad_g_a[i]=e*s*(Tg[i]^4-(Ta[i]-7)^4) "radiation losses from the glass 
to the air W/m2" 
qconv_g_a[i]=hg*(Tg[i]-(Ta[i]))"convection losses from the glass to the 
air W/m2" 
Qrad_ga[i]=qrad_g_a[i]*As_g "radiation losses from the glass to the air 
in W" 




"..............{Energy balance for the glass}........................ " 
  
(As_g*ag*G[i])=Qrad_ga[i]+Qconv_ga[i]+mg*cpg*(Tg[i]-Tgo)/3600                 
  
  
"............{""Energy balance for the copper pipe""}................" 
  
  
(As_p*ap*touh_g*G[i])*(1-losses)=Qconv[i]      
  
  
".......{heat transfer equations from the pipe to the methanol}.." 
  






"This code is used to make an energy analysis for the double glass 
evacuated tube solar collector" 
  
As_g=0.6                            " surface area of outer glass m2"                            
As_p=0.06                           " surface area of copper pipe (m2)" 
As_g_2=0.45                         "surface area of the inner 
glass(m2)" 
hg_2=10      "Convective heat transfer coefficient between the copper 
pipe and the inner glass" 
touh_g_2=1-ag_2                   "Transmittivity of the inner glass" 
  
D_p=508E-4                        "Diameter of the pipe m" 
ag=0.15                           "absorptivity of the outer glass" 
ag_2=0.09                         "absorptivity of the inner glass" 
ap=0.95                           "absorptivity of the copper pipe" 
touh_g=1-ag                       "transmittivity of the glass" 
e=0.1                             "Emissivity of the glass" 
s=5.6697E-08                      "Stephan Boltzmann constant W/m2 K4" 
V=2                               "Wind Speed m/s"
  
hg=5.7+(3.8*V)               "Convection heat transfer coeff (W/m2 k)" 
Tin=25                       "initial temperature of the tank K" 
N_t=18                       "number of tubes" 
mw=150                       "mass of water stored in the tank kg"  
mg=1.5                       "mass of the glass kg" 
Tgo=18                       "initial temperature for the glass K" 
mp=0.5                       " mass of the copper pipe kg" 
Tpo=30                       "initial temperature for the copper pipe 
in K" 
Pa=100                       "atmospheric pressure kpa" 
Nu_D=4.364                   "Nusselt Number of the heat pipe at 
constant heat flux -fully developed flow" 
losses = 0.02                "Assumed value for the convection and 
radiation heat between the heat pipe and the inner glass"  
 mg_2=1                      "mass of the inner glass in Kg" 
Tgo_2=20                     "Initial temperature of the inner glass" 
Cp_p=1000                    "Specific heat transfer coefficient of the 
copper pipe" 
  



























Tf[1]=30    "Initial guess for water temperature inside the ETSC tank" 
cpg[1]=753  "initial guess for the specific heat transfer coefficient 
for the outer glass pipe j/kg k" 
cpg_2[1]=753"initial guess for the specific heat transfer coefficient 
for the inner glass pipe j/kg k" 
cpw[1]=4183  "specific heat transfer coefficient for the water pipe 
j/kg k" 
H[1]=0       "Initial Hours Guess" 
hp_2=100     "Convective Heat Transfer coefficient between the copper 







   




cpg[i+1]=cp(Silicon, T=Tg[i])"specific heat transfer coefficient for 
the outer glass j/kg k" 
  
cpw[i+1]=cp(Water,T=Tf[i],P=Pa)"specific heat transfer coefficient for 
the water pipe j/kg k" 
  
cpg_2[i+1]=cp(Silicon, T=Tg_2[i])"specific heat transfer coefficient 





Duplicate i=1,14  
qrad_g_a[i]=e*s*(Tg[i]^4-(Ta[i]-7)^4)"radiation losses from the glass 
to the air W/m2" 
  
qconv_g_a[i]=hg*(Tg[i]-(Ta[i]))"convection losses from the glass to the 
air W/m2" 
  
Qrad_ga[i]=qrad_g_a[i]*As_g   "radiation losses from the glass to the 
air in W" 
  







Qconv_pg[i]=As_g_2* hg * (Tp[i]-(Tg_2[i]))  
  
  
"................{Energy balance for the outer glass}.............." 
  
(As_g*ag*G[i])=Qrad_ga[i]+Qconv_ga[i]+mg*cpg[i]*(Tg[i]-Tgo)/3600                 
  
"............{ Energy balance for the inner glass}............ " 
  
(As_g_2*touh_g*ag_2*G[i])+Qrad_pg[i]+Qconv_pg[i]=mg_2*cpg_2[i]*(Tg_2[i]
-Tgo_2)/3600   
  
"................{""Energy balance for the copper pipe""}........" 
  
  







 ".......{heat transfer equations from the pipe to the methanol}......" 
  




 Duplicate i=15,30 
qrad_g_a[i]=e*s*(Tg[i]^4-(Ta[i]-7)^4) "radiation losses from the glass 
to the air W/m2" 
  
qconv_g_a[i]=hg*(Tg[i]-(Ta[i]))       "convection losses from the glass 
to the air W/m2" 
  
Qrad_ga[i]=qrad_g_a[i]*As_g   "radiation losses from the glass to the 
air in W" 
  





Qconv_pg[i]=As_g_2* hg * (Tp[i]-(Tg_2[i]))  
  
  
"............. .{Energy balance for the outer glass}.............." 
  




"...............{ Energy balance for the inner glass}................" 
  
(As_g_2*touh_g*ag_2*G[i])+Qrad_pg[i]+Qconv_pg[i]=mg_2*cpg_2[i]*(Tg_2[i]




"..............{""Energy balance for the copper pipe""}.........." 
  
  







".......{heat transfer equations from the pipe to the methanol } .... " 
  




  Duplicate i=31,48 
 
qrad_g_a[i]=e*s*(Tg[i]^4-(Ta[i]-7)^4) "radiation losses from the glass 
to the air W/m2" 
  
qconv_g_a[i]=hg*(Tg[i]-(Ta[i]))       "convection losses from the glass 
to the air W/m2" 
  
Qrad_ga[i]=qrad_g_a[i]*As_g           "radiation losses from the glass 
to the air in W" 
  
Qconv_ga[i]=qconv_g_a[i]*As_g         "convection losses from the glass 




Qconv_pg[i]=As_g_2* hg * (Tp[i]-(Tg_2[i]))  
  
".................{Energy balance for the outer glass }..............." 
  
(As_g*ag*G[i])=Qrad_ga[i]+Qconv_ga[i]+mg*cpg[i]*(Tg[i]-Tgo)/3600                 
  
"................{ Energy balance for the inner glass} ............." 
  
(As_g_2*touh_g*ag_2*G[i])+Qrad_pg[i]+Qconv_pg[i]=mg_2*cpg_2[i]*(Tg_2[i]
-Tgo_2)/3600   
  
"...............{""Energy balance for the copper pipe" "}........" 
  
  





"...........{heat transfer equations from the pipe to the methanol}..." 
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